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Le phosphate de fer lithié (LiFePO4), caractérisé par son excellente stabilité chimique et 
structurale, sa non-toxicité, son faible coût, et son abondance dans la nature, est l'un des 
matériaux de cathode le plus prometteur  pour être utilisé dans les batteries aux ions lithium. 
Cependant, il souffre d’une faible conductivité électrique et d’une diffusion ionique très limitée, 
Ce matériau fonctionne uniquement à des taux faibles de charge/décharge de courants. Dans cette 
thèse, une double approche du dopage métallique et le revêtement de carbone a été utilisée pour 
résoudre le problème mentionné précédemment. Ce travail porte pour la première fois sur l'étude, 
de l'effet du dopage de LiFePO4 avec le platine ou le palladium sur ses propriétés physico-
chimiques. L'effet de dopage de ce matériau avec Pt ou Pd sur ses performances comme cathode 
pour les la battéries au Li-ion sera déterminé. La méthode de préparation sol-gel et 
hydrothermique ont été utilisées pour la synthèse des matériaux à base de cathode de LiFePO4 
dopés et non dopés. Les matériaux préparés ont été caractérisés par différentes méthodes telles 
que la diffraction des rayons X (XRD), la spectroscopie des photoelectrons (XPS), la microscopie 
électronique à balayage (MEB) et la mesure de surface active par BET (Brunauer Emmett Teller). 
Les techniques de caractérisation électrochimiques comme le test de charge/décharge, la 
voltammétrie cyclique (CV), l’impédance électrochimique (EIS) et le cyclage ont également été 
utilisés. Les effets du dopage des métaux sur les propriétés physico-chimiques, les tailles des 
particules, la morphologie, la structure et la pureté des électrodes ont été étudiés et leur 
corrélation avec les propriétés électrochimiques des matériaux a été étudiés. 
Dans la première section, nous avons déterminé à l’aide du MEB la quantité optimale de support 
de carbone et la morphologie des particules de LiFePO4 qui sont revêtues par le support. Ceci a 
permis d’identifier la composition optimum de la cathode de LiFePO4/C qui permet d’obtenir 
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d’excellentes performances électrochimiques dans une pile au Li-ion. On a constaté que lorsque 
la quantité de carbone utilisé dépasse la valeur optimisée, la capacité de décharge du matériau 
LiFePO4/C diminue. Ceci pourrait indiquer une faible diffusion des ions Li
+
 à travers les couches 
de carbone au cours du processus de charge/décharge. Pour une quantité de carbone inférieure à 
la quantité optimum, la cathode de LiFePO4/C  présente une capacité de charge/décharge très 
inférieure à celle obtenue avec le carbone optimisé. Ceci est attribué à la faible valeur de sa 
conductivité électrique due à la faible quantité de carbone. Par conséquent, la qualité et la 
quantité de revêtement de carbone à la surface des particules de LiFePO4 sont importantes et 
seulement la teneur optimisée en carbone peut conduire à une répartition plus uniforme de 
carbone. La surface et la conductivité optimisées, qui donnent une haute performance 
électrochimique, ne peuvent être atteintes que si la teneur en carbone appropriée et la bonne 
méthode de préparation de l'électrode ont été identifiées. 
Dans la deuxième partie, nous avons étudié l'effet de doper LiFePO4/C avec Pt et Pd sur sa 
structure, sa composition chimique et ses propriétés électrochimiques. Les électrodes ont été 
préparées en utilisant le procédé sol-gel. L'analyse de la composition chimique par XPS des 
électrodes dopées au Pd a dé montré que le Pd est présent dans les nano matériaux composites de 
LiFePO4/C. Pour l’électrode de LiFePO4/C dopé au Pt, le Pt a été détecté dans des matériaux 
composites à base de nanoparticules de ce matériau. Les résultats sur la structure et la 
morphologie des électrodes non dopées et dopées ont montré que le dopage au palladium a 
facilité la formation de l’impureté Li3PO4 dans les électrodes LiFe0.98Pd0.02PO4/C et 
LiFe0.96Pd0.04PO4/C. Par conséquent, la présence du Pd dans l'échantillon dopé réduit les 
paramètres de maille, augmente la taille des particules et provoque leur agglomération. Les 
performances électrochimiques des électrodes ont montré que la capacité spécifique diminue 
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quand la teneur en palladium augmente. Ensuite, les électrodes dopées au Pd et fabriquées en 
utilisant la méthode sol-gel ont une capacité de décharge plus faible que celle des électrodes de 
LiFePO4/C non dopées. La diminution de la performance est attribuée à plusieurs facteurs comme 
la diminution des paramètres du réseau cristallin, les formations l’impureté Li3PO4 et 
l’augmentation de la taille des particules suite au dopage de LiFePO4. En revanche, pour 
LiFePO4/C dopé au Pt en utilisant la méthode sol-gel, il a été constaté que la cristallinité et les 
paramètres de maille du matériau nano-composite LiFe0.96Pt0.04PO4/C ont augmenté en 
comparaison avec l’électrode LiFePO4/C seul. Aucune impureté n'a été formée dans l'électrode 
Pt-dopé. En outre, les échantillons dopés au Pt montraient des particules de tailles plus petites 
(100-200 nm) que l'électrode non dopée (200-500 nm). Des particules plus homogènes et 
uniformes ont également été obtenues avec LiFe0.96Pt0.04PO4/C comparativement à celles 
obtenues avec LiFePO4/C. Par conséquent, le dopage au platine pourrait fournir plus d'espace 
pour la diffusion des ions Li
+
; ce qui facilite le déplacement des ions Li
+
 dans la structure de 
LiFe0.96Pt0.04PO4/C pendant les réactions d'oxydoréductions à la cathode de la batterie, améliorant 
ainsi les capacités de décharge. 
Dans la troisième partie de cette étude, LiFe1-xPdxPO4/C (x = 0,00, 0,02, 0,04) et nano matériaux 
de cathode composite LiFe0.96Pt0.04PO4/C ont été synthétisés par voie hydrothermique et les effets 
de Pd et Pt ont été examinés. Les résultats indiquent que la quantité optimale de teneur en 
palladium (0,02%) dans l'électrode (LiFe0.98Pd0.02PO4/C) réduit la taille des particules 
composites. Cela pourrait faciliter la diffusion des ions Li
+
 et par conséquent améliorer la 
réversibilité et diminuer la résistance de transfert de charge. La teneur optimisée en Pd dans 
l'électrode pourrait agir comme un pilier pour éviter le rétrécissement et l'effondrement de la 
structure initiale de la maille de LiFePO4. Cela pourrait aider à la stabilisation de la structure 
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cristalline au cours du processus d'intercalation/dé-intercalation des ions Li
+
. Cependant, en 
augmentant la teneur en palladium à 4%, les capacités spécifiques ont diminué en raison de la 
formation d'impuretés Li3PO4 et de l’augmentation de la taille des particules. La présence de ces 
impuretés peut produire une petite aire de surface pour la réaction redox, et provoque des 
difficultés pour la diffusion d'ions Li
+
 pendant le processus d'oxydo-réduction électrochimique. 
En conséquence, le dopage au palladium à une teneur optimisée est utile pour améliorer les 
performances électrochimiques du matériau LiFePO4/C. La cathode à base de LiFe0.96Pt0.04PO4/C 
nano matériau qui a été  préparée par la méthode hydrothermique a présenté une meilleure 
performance en comparaison avec l’échantillon de LiFePO4/C. L'amélioration de la performance 
électrochimique peut être attribuée à la combinaison des aspects suivants liés à la présence de Pt 
dans l'électrode. L'élément platine pourrait agir comme un pilier pour stabiliser la structure 
cristalline pendant le processus de charge/ décharge. Il pourrait aussi contribur à l'amélioration de 
la vitesse de la réaction d'oxydo-réduction avec l'augmentation de la surface spécifique de 
l'électrode composite. L’électrode de LiFe0.96Pt0.04PO4/C présente aussi des petites particules 
homogènes qui pourraient faciliter le taux de diffusion des ions Li
+
.  
Les résultats montrent que les propriétés structurales et chimiques et les performances 
électrochimiques des électrodes à base de LiFePO4/C dopées de Pd et Pt pour donner  LiFe1-
xPdxPO4/C et LiFe1-xPtxPO4/C comme cathodes de la pile au lithium-ion sont très affectées par la 






Lithium iron phosphate (LiFePO4) with features of excellent thermal stability, non-toxicity, low 
cost and abundance in nature is one of the most promising cathode materials to be used in lithium 
ion batteries. However, as it suffers from the low electrical conductivity and poor ionic diffusion, 
it operates only at low charge/discharge current rates. In this thesis, a dual approach of metal 
doping and carbon coating was employed to solve the aforementioned problem. This work is 
mainly on the study, for the first time, of the effect of platinum and palladium doping of LiFePO4 
on its physical-chemical properties. The effect of Pt and Pd doping on the LiFePO4 performance 
as Li-ion cathode will be also shown. Sol-gel and hydrothermal methods were used to synthesize 
the LiFePO4 and doped-LiFePO4 cathode materials. The prepared materials were characterized 
using different methods such as XRD (X-ray Diffraction), XPS (X-ray Photoelectron 
Spectroscopy), SEM (Scanning Electron Microscopy) and BET (Brunauer Emmett Teller). The 
electrochemical characterization techniques including charge/discharge test, CV (Cyclic 
Voltammetry), EIS (Electrochemical Impedance Spectroscopy) and cycling were also used. The 
effects of metals doping on chemical-physical properties, particles sizes, morphology, structure 
and purity of the electrodes were investigated and their correlation to the electrochemical 
properties of materials were studied. 
In the first section, we determine the optimized amount of carbon support and morphology of the 
particles using SEM which help to obtain LiFePO4/C cathode material with an excellent 
electrochemical performance. It was found that when the amount of coated carbon exceeds the 
optimized value, the discharge capacity of the LiFePO4/C material decreased. This might indicate 
a low diffusion of the Li
+
 ions through the carbon layers during the charge/discharge process. On 
the other hand, for LiFePO4 coated with carbon quantity lower than the optimum value, 
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LiFePO4/C cathode exhibited poor capacity performance due to its low electrical conductivity. 
Therefore, both the quality and quantity of carbon coating on the surface of LiFePO4 particles are 
important and only optimized carbon content can lead to a more uniform carbon distribution. 
Optimized surface area and conductivity, which give high electrochemical performance, can be 
only achieved if the appropriate carbon content and method of electrode preparation are obtained. 
In the second part, the effect of doping the LiFePO4/C electrodes with Pt and Pd on the structure, 
their chemical compositions and electrochemical properties were investigated. The electrodes 
were prepared using sol-gel method. The chemical composition analysis by XPS of the Pd doped 
electrodes showed that Pd was detected in the Pd-doped nano composite materials. Also, for Pt 
doped electrode, Pt was detected in Pt-doped based nano composite materials. Based on the 
structure and morphology of the non doped and doped electrodes, the results showed that 
palladium doping facilitated formation of Li3PO4 impurity in the LiFe0.98Pd0.02PO4/C and 
LiFe0.96Pd0.04PO4/C electrodes. Consequently the presence of the Pd in the doped sample reduced 
the lattice parameters, increased the size of particles and caused their agglomeration. The 
electrochemical performances of the electrodes showed that their specific capacity decreased 
when the palladium content increases. Then, the Pd-doped electrodes fabricated using sol-gel 
method exhibit less discharge capacity than samples of the non-doped LiFePO4/C electrode. The 
reduction in the level of performance is attributed to several reasons such as the shrinking of the 
lattice parameters, the formation of Li3PO4 impurity phase, and large particles size.  
In contrast, for LiFePO4/C doped with Pt using sol-gel method, it was found that the crystallinity 
and the lattice parameters of LiFe0.96Pt0.04PO4/C nanocomposite material increased when 
compared with LiFePO4/C electrode. No impurity was formed in the Pt-doped electrode. In 
addition, the Pt doped samples exhibited smaller particle sizes (100-200 nm) than the non doped 
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electrode (200-500 nm). More homogeneous and uniform particles were also obtained with 
LiFe0.96Pt0.04PO4/C than LiFePO4/C samples. Therefore, platinum doping might provide more 
space for the diffusion of Li
+
 ions which facilitates the movement of Li
+
 ions through the 
structure of LiFePO4/C material during the redox reactions in the battery, enhancing the 
discharge capacities.  
In the third part of this study, LiFe1-xPdxPO4/C (x = 0.00, 0.02, 0.04) and LiFe0.96Pt0.04PO4/C nano 
composite cathode materials were synthesized by a hydrothermal method and the effects of Pd 
and Pt were examined. The results indicated that the optimized amount of palladium content 
(0.02%) in the electrode (LiFe0.98Pd0.02PO4/C) reduced the nano composite particle sizes. This 
facilitates the Li
+ 
ion diffusion and consequently enhances the reversibility and decreases the 
charge transfer resistance. The optimized Pd content in the electrode might act as a pillar to 
prevent the shrinking and collapse of the initial lattice structure. This might support the 
stabilization of the crystal structure during the intercalation/de-intercalation process of Li
+
 ions. 
However, by increasing the palladium content to 4%, the specific capacities decreased due to the 
Li3PO4 impurity formation. The presence of such impurity may produce a small surface area for 
the redox reaction, and causes difficulty of Li
+
 ion diffusion during the redox electrochemical 
process. As a result, the optimized palladium doping is helpful in improving the electrochemical 
performance of LiFePO4/C material. A LiFe0.96Pt0.04PO4/C based cathode nano material prepared 
by a hydrothermal method exhibited better performance when compared to the non-doped 
LiFePO4/C sample. The improvement in the electrochemical performances can be attributed to 
the combination of the following aspects related to the presence of Pt in the electrode. The 
platinum element can act as a stabilizing point of the crystal structure during the charge/discharge 
process.  It contributes to the improvement of the redox reaction rate with the increase of the 
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specific surface area of the composite electrode. LiFe0.96Pt0.04PO4/C electrode exhibited 
homogeneous small particles which might facilitate the Li
+
 ions diffusion rate.  
The results show that the chemical and structural properties and electrochemical performances of 
Pd and Pt doped LiFePO4/C based electrodes to obtain LiFe1-xPdxPO4/C and LiFe1-xPtxPO4/C as 
Li-ion cathodes are significantly informed by the method of preparation of the materials and the 
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CHAPTER 1 INTRODUCTION 
 
Due to the increasing price of fossil fuel, global warming and pollution challenges, attention has 
increasingly turned to reducing or replacing fossil fuel by developing new energy sources in 
recent years. Electricity from battery sources is a clean and appropriate method to produce 
energy for a long term consideration in reducing the use of fossil fuel and, consequently, 
decreasing the amount of greenhouse gas generation and atmospheric pollution. The 
development of batteries, a technology dating back more than a century, plays critical roles in 
portable devices and mobile technologies used today. However, battery technologies have been 
incapable in providing the necessary performance for large devices at a competitive cost because 
batteries require features of high energy density, small size, low cost, fast charging rate which 
can store more charge and operate at higher current rates. Nevertheless, the application of 
batteries in large devices continues to grow. 
A battery is a power device, which converts chemical energy to electrical energy. Batteries are 
mainly categorized into two groups: Primary and Secondary batteries. Primary batteries are 
generally disposable and non-rechargeable. Therefore, once discharged, they are discarded 
because the materials used in the primary batteries may not return to their original form as the 
chemical reaction is not easily reversed. Secondary batteries are known as rechargeable batteries 
i.e. they can be recharged many times after each discharge by applying an electric current to 
reverse the chemical reaction which occurs during discharging, making the battery reusable. 
Among different rechargeable batteries fabricated so far, the lithium ion battery (LIB) which is 
considered in this study shows the best volumetric and gravimetric energy density, compared to 
the other various types of rechargeable batteries, shown in Figure 1-1[1]. The most important 
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electrochemical performance parameters of LIB compared with other kinds of rechargeable 
batteries are summarized in Table 1-1. It shows that the energy density and cell voltage of LIBs 
are at least twice those of other types of rechargeable batteries. LIBs also feature low self-
discharge, large operating temperature in range of -20 to +60 °C, a long life cycle, and stability, 
but significantly higher costs. In addition, there is almost no memory-effect for the LIBs and, 
hence, they can be recharged at any time. Considering these features, LIB devices can provide a 
reliable rechargeable system to meet the demand for clean and high-efficiency transportation. 
Since its first commercial production by SONY Company in 1991, LIBs became the most 
popular rechargeable battery as a power source for low energy, portable electric devices, such as 
cell phones, cameras, and laptop computers. However, the application of LIBs for high power 
tools and devices, such as electric bikes and cars, is still limited because of its low 
charge/discharge rate. 
 
Figure  1-1: A comparison of different rechargeable battery technologies in terms of volumetric 
and gravimetric energy densities [1] 
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Therefore, it is difficult for a LIB to satisfy the requirements of powering a next generation of 
large devices such as electric vehicles (EV) or hybrid electric vehicles (HEV). As such, to 
accomplish high performance battery especially in the aspects of energy/power density, life cycle 
and safety issues, more investigation is required to enhance the performance of commonly used 
LIB. 
There are many factors that can affect the performance of LIB, such as anode, cathode, and 
electrolyte components. However, these days, the main determining factor for energy density in 
LIBs is the cathode material because it has lower specific capacity compared with the graphite 
anode material [1]. In addition, Li transport/diffusion on the cathode is the main rate limiting 
step in a LIB system [2]. The common cathode material in LIB application is LiCoO2. However, 
it is expensive and is not environmentally friendly due to the Co [3]. LiFePO4 is one of the best 
alternatives that can be used as the cathode material because of its excellent thermal stability, 
low cost, non-toxicity and abundance in nature [4]. However, it has some drawbacks, such as 
poor ionic diffusion and low electrical conductivity, limiting its application in large devices and 
working only at low charge/discharge current densities [4]. These are the main challenges on the 
subject.  













NiMH 30-80 500-1000 25%-30% 1.2 2-4 
NiCD  40-60 1500 10%-20% 1.25 1 
Lead-acid  30-40 600-800 5%-20% 2.1 8-16 
Li-ion  100-170 1200 5%-12% 3.5 1-3 
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Many efforts have focused on solving these problems by decreasing the particles sizes, coating 
particles with a high conducting material, such as carbon, and doping with transition metal ions 
[5-7]. Consequently, improved performance at higher current rates is expected for those 
materials by optimizing the morphology, particle size, carbon coating and transition metal 
doping. Many researchers have examined the particle size reduction and carbon coating 
strategies to improve the electrochemical performance of LiFePO4 material. However, the 
mechanism of doping strategy has not been completely understood due to its complexity. 
Therefore more investigation is needed in this strategy. Moreover, even with the exhaust of 
research on the improvement of LiFePO4 material, the capacity is still below the requirements 
for the next generation of batteries, suggesting that LiFePO4 based material with high energy 
density and good electrochemical property still needs more investigation. 
The variations in the crystallinity, purity, particle size, morphology, and electrochemical 
performance of the LiFePO4 material depend on the preparation methods and conditions [8-10]. 
Certainly, a successful method of synthesis and optimized preparation are needed to obtain high 
performance materials. Since the introduction of LiFePO4 by Padhi et al. in 1997 [4], various 
methods for preparing the LiFePO4 material have been proposed, including solid state, 
hydrothermal, sol-gel, co-precipitation, microwave processes, polyol process, etc [9-11]. The 
solid state synthesis method is the most conventional method because of its simple procedure and 
the ease in scaling-up. High energy consumption and high temperature calcinations for long 
periods are, however, disadvantages of the solid state method. In addition, this method suffers 
from agglomeration and uncontrollable particle growth. 
Hydrothermal synthesis has advantages of low energy utilization, low cost, rapid and an easily 
scalable method to prepare LiFePO4 material with well controlled morphology and fine crystal 
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particles [12-14]. Hydrothermal synthesis is also suitable for the preparation of metal-doped 
LiFePO4 materials [15]. Sol-gel, as another significant method, ensures higher purity, 
homogeneity and small particle size due to better mixing of the precursors [16-18]. In addition, it 
is a simple and non-expensive method to prepare LiFePO4 material. Therefore, hydrothermal and 
sol-gel methods are regarded as the best techniques to synthesize high quality LiFePO4 materials 
which will be used in this research because the resulting products in these methods have higher 
uniformity, purity, controllable shapes and are suitable for the synthesis of metal-doped material. 
Up to now, no noble metals with high stability and activity such as palladium and platinum have 
been doped on the LiFePO4 material. Therefore, this research work is focused on studying the 
performance of doped-LiFePO4 cathode materials, including the preparation with hydrothermal 
and sol-gel methods, characterization and electrochemical tests of doped-LiFePO4 cathode 
materials, in order to investigate the effect of platinum and palladium doping on the crystal 
structure, particle size and the electrochemical properties of the prepared materials. 
The objective of this study consists of conducting comprehensive and fundamental research work 
to provide more valuable information on how the size of the particle and the structure can change 
the performance of the cathode material in the LIB, with special attention to variations of doping 
with Pd and Pt. It is anticipated that more fundamental understanding of the effect of doping will 
be understood with Pt and Pd doping because they are expected to be more stable than the other 





CHAPTER 2 BACKGROUND AND LITERATURE REVIEW 
2.1 Lithium ion battery 
The lithium ion battery (LIB) was first proposed by Whittingham in 1970, [19] and then 
commercialized in 1991 by Sony. An LIB is an energy conversion device that converts the 
chemical energy stored in its active materials into electric energy through electron and Li
+
 ion 
movement caused by an oxidation-reduction reaction at the electrodes [2]. It contains one or 
more electrochemical cells that are connected in series or in parallel to provide the required 
voltage and capacity, respectively. In our work, LIB refers to a single electrochemical cell. Each 
cell contains two electrodes, the anode and cathode, non-aqueous electrolyte and separator. 
The anode (negative electrode) is oxidized during the discharge and releases electrons. Normally, 
materials with low (negative) standard reduction potential are used as anodes. The cathode 
(positive electrode) accepts electrons and is reduced during the discharge. High (positive) 
standard reduction potential materials are chosen as cathodes. The electrolyte is a material that 
provides good ionic conductivity to transfer the Li
+
 ion during charge/discharge processes, but 
no electrical conductivity, in order to prevent short circuiting. The separator is a porous polymer 
which is an electrically insulating material placed between the electrodes, preventing the direct 
contact of cathode and anode, while allowing ionic conduction. Typically, the main material used 
for the cathode is LiCoO2, for the anode, graphite is used. The electrolyte is a lithium salt (LiPF6, 
LiBF4 or LiClO4) in a mixture of organic solvent (ethylene carbonate, diethyl carbonate, or 
dimethyl carbonate) with some volumetric ratio [1, 2, 20]. The non-aqueous electrolyte is used 
because Li reacts strongly with water and also, water is not stable during oxidation at the high 
potentials, inherent to LIBs. 
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Discharging and charging of the LIB is attributed to the intercalation and de-intercalation of Li
+
 
ions into a host structure as illustrated in Figure 2-1. During discharge process, Li
+
 ions flow 
internally from the anode to the cathode through the electrolyte and are transported to the 
cathode, while electrons transfer externally from the anode to the cathode across the connection 
outside the circuit, creating a current and providing electrical energy. However, the insertion of 
Li
+ 
ions on to the cathode would come to an end when the electrical potential of the cathode 
reaches the same value as that of the anode material. At this time, the chemical energy is totally 
converted to electrical energy. The reverse process, known as the de-intercalation of Li
+
 ions 
from the host material, occurs during the charging of the battery by applying a current in 
opposite direction. During the charging process, Li
+
 ions flow internally from the cathode to the 













Figure  2-1: Charging and discharging processes in a rechargeable lithium ion battery 
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In addition, LIB is called a “rocking-chair cell” because the Li+ ions are shuttled or rocked 
between the anode and cathode upon charging and discharging. The major factors that identify 
the electrochemical performances of a LIB are cell potential (V), energy density, cycling ability 
and rate capability. Cell potential depends on the intrinsic chemistry of materials. Energy density 
referring to the amount of energy stored per volume or mass, ascribes the ability of hosting  
lithium ions, in units of Wh/L or Wh/kg. The energy density is a function of the cell potential 
and material’s reversible capacity. For high energy density, a material with high potential and 
large specific capacity is needed. Specific capacity is related to the maximum current in the 
active materials flowing for a given time in units of mAh/g. The cycling ability refers to the 
stability of performance of the cell after many charging/discharging cycles. A material with long 
storage time and minimal degradation of performance (capacity loss) is preferred. The rate 
capability in terms of electron and Li
+
 insertion/ extraction through the material, is determined 
by the both the electric conductivity within the electrode and the ionic conductivity within the 
electrodes, the electrolyte, and across the electrolyte electrode interface. 
To compare the performance of the different active materials, a C-rate (mA or A) is used to 
describe the amount of the current a battery is generating or accepting in either discharge or 
charge modes. It is represented as the ratio of the battery discharging or charging. Different C-
rates such as 1C, 5C, 10C or 0.1C are often used to examine the capacities of the active 
materials. For example, 1C is defined as the amount of current necessary to use all of the specific 
capacity in one hour. If an operating current is xC, then the theoretical specific capacity is 
obtained in 1/x hour. In general, a material has a good performance, when the experimental 




2.2 Materials for the Lithium ion battery 
The performance of a LIB depends mainly on the anode, the cathode and the electrolyte 
components [1, 20]. Therefore, extensive studies have been carried out to improve or develop 
new materials for components of LIBs, especially on active materials for the anodes and the 
cathodes. Excellent active materials have the following key features: 
 Large amount of Li+ ions for intercalation/de-intercalation to maximize capacity;  
 Efficient and rapid intercalation/de-intercalation of Li+ ions and electrons; 
 Good reversibility with small or no change in the host structure during Li+ ions 
intercalation/de-intercalation process;  
 Chemically stable when contacted by an electrolyte without reacting with the electrolyte; 
 Good electrical conductor to minimize polarization and heat generation; 
 Inexpensive, environmentally friendly, lightweight and easy to synthesize. 
Since two decades ago when the LIB was introduced, studies have focused on positive electrode 
materials to improve the performance of LIBs because the cathode material suffers a much lower 
intercalation capacity, at least in long term cycles compared with the anode material [2]. 
Moreover, the positive cathode material additionally involves other characteristics such as safety 
issues, material costs, environmental toxicity and recyclability. Therefore, research on the 
lithium ion battery electrode is more concentrated on the cathode material. In addition to looking 
for new cathode materials, researchers have been trying to propose various methods to improve 
the intercalation capacity of already established cathode materials. Here is a brief review on the 




2.2.1 Anode materials 
In the earliest LIB, lithium metal was used as the anode because it is lightest metal with high 
specific capacity (3826 mAh/g) as well as the lowest potential (-3.045 V), which can release the 
electron easily. However, the safety problem of using lithium metal as an anode became a 
serious drawback due to short circuits caused by the formation of lithium dendrites on the 
surface of the lithium metal anode during cycling, making it unsafe in the lithium battery [21]. 
Moreover, lithium metal is extremely reactive with oxygen and moisture. Therefore, glove boxes 
or dry-rooms are necessary for assembling the LIB. However, Li-Al alloys have improved the 
safety issue, but still could not avoid the fast capacity degradation [22]. 
After several investigations, graphite with specific capacity of 380 mAh/g was introduced as 
anode material which can host Li
+ 
ions during reaction with stochiometry of LiC6 [23]. Graphite 
was commercialized as an anode in LIBs in 1991 by Sony [24]. Replacing the lithium metal with 
graphite not only solves the safety issue but also reduces the cost. In the meantime, other anode 
candidates such as metals, alloys, and oxides were investigated [25-27]. 
Recently, to improve the performance of anode materials, graphene was designed with its 
features of higher surface area, better electronic mobility and mechanical properties [28, 29]. In 
addition, SnO2 is proposed as another alternative because of its high theoretical capacity [30, 31]. 
However, due to the large volume expansion of SnO2 during battery operation, it is important to 
use nanocrystal-sized and carbon-coated SnO2 [32]. Zhang et al. reported that graphene-SnO2-
CNT mixture delivers the specific capacity of 635 mAh/g at 0.25 A/g [33]. Also, SnO2 
nanowires, SnO2 on carbon nanosheets, and TiO2 on graphene substrate have shown good 
performance as anode materials for LIB, probably due to the short diffusion paths for the Li
+
 
insertion into the structure [31-35]. Currently, the study of anode materials is very popular, 
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because the new anode materials have a much higher specific capacity than the common 
graphite. 
2.2.2 Cathode materials 
Since the first introduction of LIBs, different types of cathode materials have been introduced. 
An excellent material should have the following features to be used as cathode in the LIB 
applications: [1, 2] 
1) High redox potential; 
2) High reactivity with lithium reversibility; 
3) High lithium ions hosting to deliver sufficient capacity; 
4) High surface area to increase reduction/oxidation reaction rates; 
5) High electronic conductivity to transfer electron rapidly and minimize heat generation; 
6) High ionic conductivity to ensure small polarization and high capability; 
7) Low volume structure changing during Li+ insertion/extraction to ensure cycling stability; 
8) Less expensive, environmentally benign and easy prepare processing. 
The intercalation cathode materials of LIBs are mainly classified into three types of layered, 
spinel, and olivine by their crystal lattice types as shown in Figure 2-2, which will be explained 
below [36]. 
2.2.2.1 Layered 
These types of materials usually have a stable 2-dimensional structure consisting of metal-
oxygen octahedral, with Li taking the interstitial sites as illustrated in Figure 2-3. During the 
charge and discharge process, Li can be extracted from the structure (charge) and inserted back 
to the structure (discharge) without significantly changing the structure. Li ion can diffuse 
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through the octahedral sites in the lithium layer. Goodenough first proposed the use of layered 
LiCoO2 as a cathode material in 1980 [37]. Ever since its first use in commercial LIBs by SONY 
Company in 1991, LiCoO2 has been the most common cathode material for portable electronics. 
 
Figure  2-2: The crystal structure of (a) a layered type of LiCoO2, (b) a spinel type of LiMn2O4, 
and (c) an olivine type of LiFePO4. Li: green, Co: blue, Mn: brown, Fe: red, and P: purple [36] 
 
Despite a high theoretical capacity of 274 mAh/g, the practical capacity of LiCoO2 is about 130-
150 mAh/g, with a working voltage of 3.5-4.2 V [38, 39]. Because in practice, only about 50% 
of the total Li can be reversibly intercalated and de-intercalated, extracting is limited to only 
0.5 mol/mol of LiCoO2. A change in the crystal structure occurs when more than half of the Li is 
removed, leading to irreversible capacity loss [38, 39]. Since cobalt is toxic and expensive, 
however, researchers are looking for other transition metals, which can replace Co. To solve 
these problems, many methods such as coating with metal oxide and, reducing the amount of Co 
have been investigated [3, 40]. LiNiO2 has a layered structure and exhibits a higher practical 
capacity than LiCoO2. In addition, nickel has lower toxicity and is less expensive than cobalt. 
However, LiNiO2 has the drawbacks of fast capacity fading, synthesis difficulty, thermal 
instability, and poor safety [41, 42]. When Ga, In and Ti in LiNi1-xMxO2 (M = Ga, In, Tl, and x = 
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0.010, 0.025 and 0.050) replace Ni, they all performed well. Among them, LiNi1-xGaxO2 with x 
=0.025 exhibits the best capacity (172.2 mAh/g) and relatively good cycling performance [43]. 
The LiNi0.5Mn0.5O2 binary mix material and LiCo1/3Ni1/3Mn1/3O2 ternary mix material show good 
stability with reversible capacities of 200 mAh/g in the potential range of 2.5 to 4.5 V [44, 45]. 
However, less capacity fading was observed in mix materials compared with the single materials 
[46]. Layered LiMnO2 appears to be a promising candidate because it is more environmentally 
benign and less costly than LiCoO2 [47]. However, it suffers from structural change during 
charging/discharging process which results in capacity fading [48]. Also, it has poor performance 
in high temperature conditions. Coating with Al2O3, CoO or combinations of both in different 
proportions seems to improve the electrochemical performance of LiMnO2, but it still has a low 
specific capacity and the problem of capacity diminishing [49]. 
 
 
Figure  2-3: Crystal structure of layered LiMO2 (Blue: transition metal ions such as Co, Ni, and 




These types of cathode materials usually have a 3-dimensional framework by edge sharing 
metal-oxygen octahedral, with Li taking the tetrahedral interstitial sites. This 3-dimensional style 
diffusion is expected to be more capable of high rate cycling than the 2-dimensional type as 
shown in Figure 2-4. Spinel LiMn2O4 material was originally introduced as cathode material with 
the theoretical capacity of 148 mAh/g [50]. The Mn ion with a potential of 4.1V provide high 
power capability and stability. In addition, it becomes attractive due to the low cost of Mn and 
being environmentally friendly compared to Co and Ni [51, 52]. However, LiMn2O4 material has 
problems with cycling and capacity fading, especially at elevated temperatures (55 
o
C) because 
of Mn dissolution in the LiPF6 electrolyte that causes electrolyte decomposition and forms a non-
active solid layer at the interface (SEI) between the electrolyte and the LiMn2O4 particles, 
resulting in degradation of charge capacity [53, 54]. However, some electrolyte modification and 











Figure  2-4: Crystal structure of spinel LiM2O4 (Blue: transition metal ions; Red: Li ions) 
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It has been reported that LiNi0.5Mn1.5O4 can be an attractive cathode material because of its good 
cyclability and high potential of 4.7 V [56]. However, the synthesis of pure LiNi0.5Mn1.5O4 
material is difficult and also high working potential may cause the decomposition of electrolytes 
[56]. The coating with ZnO and LiAlxMn1-xO4 was found also to improve electrochemical 
performance significantly [47]. Although LiMn2O4 is a promising cathode material with 
excellent electrochemical properties which can be improved, its discharge capacity is low due to 
its inherent structure. The partial replacement of metal cations to form the LiMn2-xMxO4 solid 










) enhance the structural stability  with the 
capacities in the range of 100-110 mAh/g within the useful voltage below 4.4 V [57]. 
2.2.2.3 Olivine 
Since Padhi et al. [4] introduced olivine-type LiMPO4 (M= Fe, Co, Mn, or Ni) as cathode 
materials in LIBs, these kinds of compounds have been attracting much research and 
development interest. In phospho-olivines, which have an orthorhombic unit cell as shown in 
Figure 2-5 for the LiFePO4, all of the oxygen ions form strong covalent bonds with P
5+
 to form 
PO4
3− 
tetrahedral polyanion and stabilize the whole three dimensional framework [1]. Because of 
that, oxygen cannot be easily released, almost eliminating any threat of combustion or 
decomposing at high temperatures. Therefore, it guarantees superior thermal and chemical 
stability compared with other types of materials, encouraging the researcher to work on the 
olivine type cathode [58]. 
Among these olivine structures, LiFePO4, with high theoretical capacity of around 170 mAh/g 
and operation potential of 3.45 V vs Li
+
/Li, has been established as an attractive candidate for the 
next generation of cathode materials in LIBs [4, 59, 60]. LiFePO4 has some advantages, such as 
excellent thermal stability, low cost, non-toxicity, abundance in nature, low capacity fading and 
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high cyclability [61]. In addition, the lower charging voltage (<4V) of the LiFePO4 battery 
makes the material less reactive with electrolyte. The intercalation/de-intercalation of Li into the 
LiFePO4 structure is almost 100% reversible. 
 
 
Figure  2-5: The crystal structure of olivine LiFePO4 [1] 
 
Other stable olivine phases with different transition metals are prepared such as LiMnPO4, 
LiNiPO4 and LiCoPO4 [62-65]. LiMnPO4 material with high operation potential of 4.1 V can be 
a remarkable choice due to the wide availability of Mn and its being inexpensive. However, after 
several investigations, the high performance was not observed. The conductivity of LiMnPO4 
material is lower than LiFePO4, resulting in poor rate capability. Additionally, due to the low 
thermal stability and dissolution of Mn in the electrolyte, the capacity fading was observed for 
the LiMnPO4 material [66]. LiNiPO4 and LiCoPO4 materials with olivine structure have the 
operation potential of 5.1 V and 4.8 V vs. Li/Li
+
, respectively [63-65]. However, well-developed 
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electrolytes needed to be stable at these high potentials. Furthermore, the environmental concerns 
and increased cost the associated with Co and Ni have made their commercial application 
regrettable. However, mixed-metal phosphates have shown better performance than pure 
LiMnPO4 or LiCoPO4 [67]. 
Among all the cathode materials, LiFePO4 obtains many superior features and has been 
considered as one of most promising substitution candidates of LiCoO2. Therefore, in this work, 
LiFePO4 will be considered as the main material. For comparison, some electrochemical 
parameters of the main cathode materials are listed in Table 2-1. 
 
Table  2-1: Comparison of the main cathode materials (voltage and capacities) 




LiCoO2 3.5-4.5 274 130-150 
LiMnO2 3 285 170-220 
LiNiO2 2.5-4.1 276 220 
LiMn2O4 4 148 110-120 
LiFePO4 3.4-3.5 170 160 
 
LiFePO4 structure consists of PO4 tetrahedra, distorted FeO6 octahedra and LiO6 octahedra as 
shown in Figure 2-5[1]. The Li ions, P atoms and Fe atoms occupy octahedral sites, tetrahedral 
sites and octahedral sites, respectively [68]. In LiFePO4 structure, PO4 tetrahedra share all their 
corners with the LiO6 octahedra and FeO6 octahedra share all their corners with the PO4 
tetrahedra. LiFePO4 has an orthorhombic unit cell with space group Pmnb, accommodating four 





obtain one-dimensional channel in the structure for the diffusion of Li
+
 that runs parallel to the 
planes of corner-sharing FeO6 octahedra, along the [010] direction [69, 70]. Therefore, the Li
+
 
ions cannot jump from a channel to another channel, suggesting that any blockage in the channel 
will prevent the Li
+
 ion movement [1]. 
The charge/discharge process of LiFePO4 is based on the extraction/insertion reaction between 
the two phases of LiFePO4 and the heterosite FePO4 [4]. During the charge process, Li
+
 is 
extracted from the olivine structure LiFePO4 and converted to the heterosite structure FePO4. 
During the discharge process, Li
+
 inserts into the heterosite structure of FePO4 and converts to 
the olivine structure LiFePO4, as shown in Figure 2-6. These processes can be written as follows: 
 
                   
                                    
          
                                            
 
However, pristine LiFePO4 has the disadvantage of poor rate performances due to its weakness 










), limiting the 
powering performance of the batteries in the large devices. Basically, its poor electrical 
conductivity is the main problem preventing its use in commercial production. To overcome 
these barriers, various research groups have used different strategies, including particle size 
reduction, carbon coating and doping with elements [6, 17, 60, 71, 72]. 
A decrease in the grain size can obtain faster reactions because of easier diffusion of 
intercalation ions by decreasing the diffusion path, resulting in higher ion diffusion. However, 
using a smaller particle size needs to be considered carefully, since it has some disadvantages, 
such as poor thermal stability, a higher reactivity with electrolytes and increased solubility [17, 
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73]. The poor electrical conductivity of LiFePO4 is overcome by coating the surface of the 
particles with conductive films of carbon or by grinding with carbon powder [7, 17, 18, 71]. In 
addition carbon coating could protect electrode materials from dissolution into the electrolyte, 
especially in case of nanostructure materials because of the large solid/liquid interface, indicating 
good cyclic stability [74]. However, large amount of coating reduces the capacity and volumetric 
energy. The volumetric capacity of the cell is difficult to increase because the addition of carbon 
decreases the particle density of the cathode material [75]. So the carbon coating must be 
optimized. 
 
Figure  2-6: Crystal structures of LiFePO4 (left) and FePO4 (right) during the charge/discharge 
process 
Both carbon content and particle size minimization must be optimized together. Because small 
particles have large surface area, they need a large amount of carbon to coat the particles. A large 
amount of carbon, however, decreases the energy density of the material [75]. Therefore, the 
amount of carbon and the size of the material must be carefully optimized. However, the low 
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diffusion and poor electrical conductivity of surface of LiFePO4 can be solved by minimizing the 
particle size and adding conductive additives.  
For nano structures, doping causes local disorder, which can be considered as defects of the 
structure. However, these defects may be able to facilitate the Li
+
 ions intercalation capability of 
the compound due to the modified physical, chemical, and mechanical properties. In addition, 
doping agent can improve the electrical conductivity of bulk of LiFePO4 material, as well as 
improving the ion diffusion. Doping in the host materials without a conductive coating, however, 
is not enough to improve the rate capacity and the charge/discharge performance. Thus, 
researchers usually have combined the elements of doping with carbon coating to increase the 
electrochemical performance of LiFePO4.  
There are mainly two different doping modes, at the M1 (Lithium site) and M2 (Iron site) sites. 
Doping at the M1 site could cause the taking of the lithium vacancy to improve the 
electrochemical performance. However, in some cases, the presence of an unmoving dopant at 
the Li channel may probably block the diffusion of Li
+
 ions [12]. Therefore, the doping at M2 
site could be an ideal and promising way to improve the electrochemical performance of 
LiFePO4. In our research, metal doping will be carried out on the M2 site. 
Besides, in the earlier studies, synthetic LiFePO4 was mainly produced using solid state methods 
[75-78]. The solid state synthesis method is currently the most effective method to expand to 
large scale industrialization. High temperature calcinations for long periods and high costs are, 
however, drawbacks of this method. There are several methods for preparing LiFePO4 cathode 
materials to increase their ionic/electrical conductivity by the optimization and minimization of 
particles with suitable preparation procedures such as hydrothermal synthesis [12-14, 79-83], 
sol-gel [16-18, 84-91],co-precipitation [92, 93], microwave processes [94, 95], polyol process 
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[96, 97], molten salt synthesis [98], vapor deposition procedure [99], etc for particle 
morphological controls and to achieve fine particle size.  
Large variations in the powder quality, the crystallinity, the morphology, the particle size, and 
the electrochemical performance of the material depend on the preparation methods and 
conditions [10]. The optimization conditions mainly focus on the development of homogeneous 
nanoparticles with controllability on particle size and high quality (thin and uniform) carbon 
coating [86].The sensitivity of Fe
2+
 ions in the LiFePO4 preparation environment is very 




, leading to 
formation of impurity phases which reduces the electrochemical performance of battery. 
Although the attendance of sufficient amount of carbon is able to prevent the oxidation, the 
excessive carbon must be also avoided. Controlling the particle size can be done by cutting the 
synthesis time and temperature [77, 102]. 
Some researchers reported using surfactants such as the block co-polymer, sodium dodecyl 
sulphonate and poly methyl methacrylate to suppress particle growth during the synthesis 
procedure [8, 12, 103, 104]. However, the synthesis methods faced many obstacles from a 
laboratory process to large scale manufacture because of the complicated synthesis techniques, 
difficult-to-control synthesis situation and relatively high cost. Some methods were not useful for 
the large scale manufacture of LiFePO4 cathode material such as microwave processes. 
Among the methods of preparation, hydrothermal and sol-gel are simple, quick, easy, and 
cheaper methods to prepare LiFePO4 materials. In addition, the products with these methods 
have higher uniformity, purity, a controllable shape and are suitable for the synthesis of multi-
component material. Thus, these two methods are regarded as the best techniques to synthesize 
high quality LiFePO4 materials which will be used in our work [15, 105, 106]. 
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2.2.2.4 Literature review of LiFePO4 doping 
This work is mainly demonstrated with the cathode material, especially doped LiFePO4 cathode 
material. Therefore, a supportive literature review related to doping of LiFePO4 materials is 
presented as follows. 
Jian et al. and others [107-110] studied the structure and electrochemical behavior of LiFePO4 
modified with vanadium. Vanadium can be embedded into the olivine structure on the 
phosphorus site, not on the iron site, with the unit cell decreasing in size when the presence of 
vanadium increases. They mentioned that the 5% vanadium doping has the highest electrical and 
ionic conductivities in comparison to others. Their results showed that the electrochemical 
reaction of LiFePO4 became more reversible and easier to occur because vanadium doping 
increases the stable cycle life at a higher current rate. 
Yen et al. [109] synthesized Li1-xNaxFePO4/C (x = 0, 0.01, 0.03, 0.05) by the carbonthermal 
reduction method and investigated the effect of doping. They indicated that doping Na does not 
destroy the lattice structure of LiFePO4 when making the lattice volume bigger. Electrochemical 
test results showed that the Li0.97Na0.03FePO4/C sample exhibits the best electrochemical 
performance with an initial special discharge capacity of 158, 151, 142, 134, and 105 mAh/g 
when discharged at the rate of 0.1 C, 0.5 C, 1 C, 2 C, and 3 C, respectively. It may be attributed 
to its larger lattice parameters in a and c than those of other samples prepared in their study.  
Jiao et al. [111] prepared  a  series  of  Mo-doped  LiFe1-3xMoxPO4/C  (x  =  0.000,  0.025,  0.050,  
0.100,  0.150)  cathode  materials by sol-gel  method. They indicate that the a and b unit cell 
parameters and cell volumes of crystal decrease slightly with increasing the amount of Mo.  This 
may be due to the ionic radius of Mo
6+
 which is a little smaller than that of Fe
2+
. In addition, with 
the increase in Mo doping, the P–O bonds become stronger enhancing the stability of PO4 and 
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with the lengthening of Li–O bond, the Li+ ions diffusion rate during the charge/discharge 
process is facilitated. Among the samples, LiFe0.925Mo0.025PO4/C sample has shown the best 
electrochemical performance, with the discharge capacity of 162.3 mAh/g at 0.1 C rate. 
However, by increasing the amount of Mo, high polarization and large particles sizes reduce the 
Li
+
 ion diffusion coefficient and poor electrochemical results are obtained. It is observed that 
proper Mo doping remarkably enhances the Li
+
 ion diffusion coefficient by four orders of 
magnitudes in the doped materials compared with the undoped one which means excellent 
electrochemical performance. 
Zhang et al. [112] synthesized Li0.99Mo0.01FePO4/C cathode material by an easy solution method 
followed by heat treatment at various temperatures. Their results showed that the mix doping 
method does not affect the olivine structure of cathode but largely improves its capacity and 
cycle performance. They indicated initial specific discharge capacities of 161 and 124 mAh/g 
with rates of 0.2 C and 2 C, respectively, which attribute the enhancement of the electrical 
conductivity to ion doping and carbon coating. The lower electrochemical polarization of the 
doped sample suggests that the increasing conductivity is induced by the doping method. 
Hu et al. [113] synthesized a single phase of Lil-4xTixFePO4/C (x=0, 0.005, 0.010, 0.015) cathode 
materials using the solid state method. Their XRD results showed that doping at a low 
concentration Ti
4+
 does not affect the structure of the samples, but the electrochemical 
performance of the doped samples is better than the un-doped ones when the concentration of 




 sites may block the diffusion of 
lithium ion, because the diffusion coefficient of lithium is fast only in the tunnel c-axis [114].  
Wang and co-workers [115] prepared Ti-incorporated LiFe1-xTixPO4 (x= 0, 0.01, 0.03, 0.05, 
0.07, 0.1, 0.15, 0.2) cathode materials via a two step solid-state reaction method. Their results 
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confirm that materials with doping amount of x≤0.05 obtain a single phase while those with 
higher amount of doping contain impurity phases such as LiTi2(PO4)3 and TiP2O7. The initial 
discharge capacities of the LiFe1-xTixPO4 (x= 0, 0.01, 0.03, 0.05, 0.07, 0.1, 0.15, 0.2) samples at 
0.1 C are 134, 140, 144, 152, 147, 149, 142 and 143 mAh/g, respectively. Among the samples, 
LiFe0.95Ti0.05PO4/C shows the highest discharge capacity. The Ti incorporation causes 
lengthening of the Li–O bond and facilitates the insertion/de-insertion of the Li+ ions. 
Appropriate amount of titanium doping is favorable for the enhancement in electrochemical 
performance of LiFePO4 material.  
Huang et al. [116] synthesized carbon coated Li1+xFePO4 (x = 0, 0.01, 0.02, 0.03, 0.04) and 
doped compositions of Li1.03Fe0.99Ti0.01PO4 by the thermal reduction method. Although the 
thermal reduction method could be used to synthesize LiFePO4 cathode materials, the main 
disadvantage of this method is that the particle size is larger and its electrochemical properties 
are not as good. In addition, this method requires a high temperature (about 70°С), which can 
increase the possibility of grain growth that can decrease the electrochemical properties of the 
LiFePO4 cathode material. Their results indicated that increasing the content in Li1+xFePO4 gives 
better electrochemical properties and cyclic performances until x=0.03, where 
Li1.03Fe0.9Ti0.01PO4 performs better in comparison to other samples under the 1 C rate. This 
sample showed a trend of increased capacity and reached the highest discharging rate capacity of 
156 mAh/g at 60 cycles when the Li1.03Fe0.9Ti0.01PO4/C sample cycled before 60 times. The 
initial charge/discharge capacity of the Li1+xFeРO4/C (x = 0, 0.1, 0.2, 0.3, 0.4) samples at room 
temperature, respectively, are 112, 119, 128, 129 and 109 mAh/g, which has a similar change 
law with the particle size of samples. Their results suggested that particle size has a strong 
dependence on the electrochemical properties of positive active material. Li3РO4 and Li4P2O7 are 
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types of conductive impurity. It can exist on the particle surface or interior and form a 
conductive layer improving the electronic and Li ion conductivity of samples. The impurity 
Li3РO4, however, can prevent the growth of the LiFeРO4 particle during the sintered process. 
Also, the layer of Li3РO4 can reduce the direct contact of active material with the electrolyte and 
avoid corrosion from the electrolyte that results in enhancing the cyclic performances of positive 
active material. The LiFePO4 sample has a better rate capability and cycling life attributed to the 
small particle distribution, as well as improved electronic conductivity. 
The reason for increasing the electrochemical performance of LiFePO4 is that Ti doping with a 
small degradation of overall capacity can turn a relatively small amount of Li
+
 into vacancies at 
the Li site. Secondly, the synergetic effect of the super valency of the doped sample will make a 
longer Li–O bond of the olivine structure. The longer Li–O bond is the smaller binding energy as 
a result of the easy migration of Li
+
 due to the reduction of the energy barrier [117]. These 
vacancies change the structure of the ion transport route and reduce the energy barrier that can 
lead to an increase in the Li
+
 mobility in the olivine structure so as to enhance the ionic 
conductivity. 
Wu et al. [118] synthesized LiFePO4 and Ti
4+ 
doped LiFe1-xTixPO4 (0.01≤x≤0.09) powder 
material by a solution method followed by heat treatment at 700 °C for 8 h under N2 flowing 
atmosphere. Among the prepared powders, LiFe0.97Ti0.03PO4 showed the most promising cycling 
performance with a specific discharge capacity of 135, 127, 116, 107, and 81 mAh/g at the rate 
of   0.1C, 0.2C, 0.5C, 1C, and 3C, respectively. From their results for prepared samples, the 
doped Ti
4+
 ions did not occupy the Fe
2+
 sites. However, the occupancy of the doped Ti
4+
 ions 
was still not clear, and theoretical calculations are needed for more understanding. The 
LiFe0.97Ti0.03PO4 sample heat treated at 700 °C for 8 hours showed the highest discharge capacity 
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of 135 mAh/g among the prepared LiFe1-xTixPO4 (0≤x≤0.09) samples at the 0.1C rate. Doping 
Ti
4+ 
maybe cause to occupy Li
+
 sites because the cation radiometry of lithium (Li
+
=68 pm) is 
close to that of titanium (Ti
4+
=64 pm). The discharge capacities of LiFePO4/C, 
Li0.98Ti0.005FePO4/C, Li0.96Ti0.01FePO4/C and Li0.94Ti0.015FePO4/C cathode obtained the initial 
discharge capacity of 128.4, 139.5, 146.7 and 99.5 mAh/g, respectively. They noted that the 
charge transfer resistance of the samples could be decreased greatly by doping an appropriate 
amount of Ti
4+
 which indicates by electrochemical impedance the spectroscopy result. Yaoqin et 
al. [85] synthesized LiFePO4, Li0.98Mg0.01FePO4 and Li0.96Ti0.01FePO4 by the sol-gel method and 
using a variety of processing conditions. For comparison, LiFePO4was also synthesized from 
iron acetate by a solid state method. They suggested that the inherent electrical conductivity of 
these materials is not significantly better than un-doped LiFePO4. 
Arumugam et al. [119] synthesized nano crystalline of LiFePO4 and LiMg0.05Fe0.95PO4 cathode 
materials using the sol-gel method in an argon atmosphere by using succinic acid as a chelating 
agent. LiMg0.05Fe0.95PO4 exhibits the initial charge and discharge capacities of 159 and 141 
mAh/g at the 0.2 C rate, respectively, as compared to 121 and 107 mAh/g for bare LiFePO4. 
Furthermore, LiMg0.05Fe0.95PO4 retained more than 89% of the capacity even after 60 cycles. 
Hence, LiMg0.05Fe0.95PO4 is a promising cathode material for rechargeable lithium ion batteries. 
Liu and coworkers [120] prepared the spherical LiFePO4/C and LiFe0.9Mg0.1PO4/C powders from 
spherical FePO4 by a simple uniform phase precipitation method at normal pressure, using FeCl3 
and H3PO4 as the reactants. The excellent specific capacities of 148 and 157 mAh/g with a rate 
of 0.1 C achieved for the LiFePO4/C and LiFe0.9Mg0.1PO4/C, respectively.LiFe0.9Mg0.1PO4/C 
exhibits a better high rate and cycle performances than the undoped LiFePO4/C. The tap density 
of LiFePO4 powder is usually 1.0-1.3 g/cm, which is much lower than the tap density of 
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commercially used LiCoO2 (2.3-2.5 g/cm). The low tap density of LiFePO4 limits the energy 
density of lithium ion batteries. The powders composed of spherical particles have a higher 
density than the powders composed of irregular particles. Therefore, to obtain a high tap density 
of LiFePO4 powder, preparing spherical powders is expected as an effective way. The tap density 
of the spherical LiFePO4/C and LiFe0.9Mg0.1PO4/C powders are 1.75 and 1.77 g/cm, respectively, 
which are remarkably higher than the non-spherical LiFePO4 powders (the tap-density is 1.0-1.3 
g/cm). The LiFePO4/C and LiFe0.9Mg0.1PO4/C demonstrated discharge capacities of 110 and 120 
mAh/g at the 1C rate, respectively. 
Li1-xMgxFePO4 (x= 0.00, 0.02) synthesized from LiOH, H3PO4, FeSO4 and MgSO4 by the 
hydrothermal method at 180 °C for 6 h and heat treatment at 750 °C for 6 h. The carbon coated 
composites of both the doped and undoped sample show discharge capacities of 146 mAh/g and 
144 mAh/g at the 0.2 C rate, 140 mAh/g and 138 mAh/g at the 1 C rate, 124 mAh/g and 123 
mAh/g at the 5 C rate, respectively [15].  
Wang and co-workers [121] prepared samples of LiFe0.9M0.1PO4 (M=Ni, Co, Mg) by solid state 
reactions. LiFePO4 doped materials showed improvement in performance and cyclic stability. 
The capacities of LiFe0.9M0.1PO4 (M=Ni, Co, Mg) reached 81.7, 90.4 and 88.7 mAh/g at the 10 
C rate, respectively, in comparison with 53.7 mAh/g for undoped LiFePO4 and 54.8 mAh/g for 
carbon-coated LiFePO4 (LiFePO4/C). The capacity retention is 95% after 100 cycles for doped 
samples and this value is only 70% for LiFePO4 and LiFePO4/C. It illustrated that the capacities 
for LiFe0.9M0.1PO4 (M=Ni, Co, Mg) are around 140 mAh/g under 0.2 C and 82, 90 or 89 mAh/g 
under 10 C, respectively.  
Chen et al. [122] synthesized a series of olivine LiFe1-xCoxPO4 (X=0, 0.25, 0.5, 1) composites by 
a hydrothermal method under reductive atmosphere. The XRD result shows that the lattice 
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parameters and unit cell volume of samples reduce a little with increasing the amount of Co 
doping. This result can be related to the small ionic radius of Co
2+
 (0.75Å) in comparison with 
the Fe
2+
 (0.78Å). LiFePO4 exhibits a discharge capacity around 150 mAh/g in 0.1C rate with 
voltage plateau around 3.4V, whereas LiCoPO4/C only delivers a discharge capacity of 93 
mAh/g with a small voltage plateau around 4.5V. Among the doped samples, the 
LiFe3/4Co1/4PO4/C sample shows high discharge capacity around 170 mAh/g at 0.1C rate, which 
is close to the theoretical capacity of LiFePO4. In addition, LiFe3/4Co1/4PO4/C sample obtains a 
higher discharge voltage plateau around 3.5V which is higher than the voltage plateau of pure 
LiFePO4 sample. However, other investigation reported that low amount of Co doping did not 
increase the redox potential [123]. Therefore, high amount of cobalt doping is essential to 
enhancing the voltage plateau of LiFePO4.  
Hsu and co-workers [124] synthesized Li0.99Al0.01FePO4/C composite particles by the sol-gel 
process. They found that the electrochemical properties of the synthesized Li0.99Al0.01FePO4/C 
composite improved because of its small grain size and good electronic conductivity. They 
concluded that increasing the sintering time leads to a decrease in the conductivity of the 
Li0.99Al0.01FePO4/C composite powders because the carbon content is too low to form a 
conductive network when the sintering time is higher than 3 h. The electrical conductivity of the 
Li0.99Al0.01FePO4/C composites is greatly improved, reaching a value of 8×10
-2
 S/cm at room 
temperature.  
Liu [125] prepared 1.5%, 2.5%, and 5% ZnO-doped LiFePO4 to improve the electrochemical 
performance of cathode material. Their results showed that 2.5% ZnO-doped LiFePO4 has higher 
electrochemical reactivity for lithium insertion and extraction than the rest of the samples. The 
results indicated that the zinc atoms prevent the collapse of the LiFePO4 lattice structure. Also, 
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during the lithium ion intercalation and de-intercalation processes, the doped zinc atoms protect 
the LiFePO4 crystal from shrinking and it can provide more space for the movement of lithium 
ions. Consequently, it causes increasing in the conductivity and the lithium ion diffusion 
coefficient after doping. The initial specific discharge capacity for the 2.5% ZnO-doped LiFePO4 
sample is about 167 mAh/g after 150 cycles. 
Liu et al. [126] reported Zn-doped LiFePO4 material forming homogeneous LiZn0.01Fe0.99PO4 for 
the first time. The Zn doping does not destroy the lattice structure of LiFePO4 because of the low 
doping concentration. On the other hand, the distortion of the lattice is negligible because of the 
almost similar ion radius of Zn
2+
 (radius=0.083 nm) and Fe
2+
. They showed that after doping the 
charge capacity increases from 100 to 163 mAh/g, and the discharge capacity from 88 to 133 
mAh/g. The Zn doping contributes the formation of a crystal structure, expands the lattice 
volume and provides more space for lithium ion intercalation/de-intercalation. In addition, the 
doping improves the reversibility of lithium intercalation and de-intercalation, decreases the 
charge transfer resistance and increases the diffusion of lithium ions due to the effect of the 
doped Zn atoms. As a result, zinc doping is very promising for the improvement of the 
electrochemical performance of LiFePO4. Both discharge capacity and rate capability are greatly 
improved. In the same way, another report shows the improvement of electrochemical properties 
of ZnO-doped LiFePO4 materials prepared with hydrothermal method. Because ZnO doping 
reduces the size of particles, Li
+
 migration path becomes shorter, and the crystal lattice is 
expanded which facilitate Li
+
 ion intercalate/de-intercalate during process [127].  
Zhao et al. [128] synthesized LiFe1-xNdxPO4/C (x = 0, 0.01, 0.02, 0.04, 0.06, 0.08) cathode 
materials by solid-state reaction method and they optimized the synthesis condition by thermal 
analysis and magnetic properties to obtain the pure phase of LiFePO4 material. They indicate that 
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the sample calcined at 700 
o
C contains less impurity phase than the sample calcined at 750 
o
C. 
The result shows that the small amount of Nd
3+
 ion doped does not affect the structure of 
LiFePO4 material, but the size of particles reduce from 400 nm to 150 nm after doping. Among 
the doped samples, LiFe0.4Nd0.6PO4/C sample exhibits the best discharge capacity of 165 mAh/g 
at 0.2C rate because it exhibits smaller particle sizes and it allows higher lithium ion diffusion. 
However, the discharge capacity decreases when the amount of doping is increased up to 8%. 
Therefore, the optimized amount of Neodymium doping could improve the electrochemical 
performance of LiFePO4 materials.  
Croce and co-workers [84] suggested improving the electrochemical kinetics of the LiFePO4 
electrode by the sol-gel synthesis method based on a critical step involving the dispersion of 
metal (copper or silver) at a very low concentration (1wt%). This metal addition does not affect 
the structure of cathode, but it seems to prefer the growth of small size particles and decrease the 
inter-particle resistance. So, it can improve the capacity and life cycle. They showed that 
increasing the capacity from the standard to the modified electrode is clearly a change from 120 
to 145 mAh/g. Their results indicated that the electrode response of the LiFePO4 electrode may 
be enhanced by the addition of dispersed metal powders during the synthesis procedure.  
Yang and co-workers [129] synthesized Cu doped LiFePO4 material by the co-precipitation 
method, followed by sintering at high temperature for crystallization. They indicated that the unit 
cell parameter and unit cell volume of LiFePO4 doped by 1% Cu
2+
 has changed clearly where the 
length of a-axis, b-axis, c-axis, and unit cell volume are all decreased. They showed that, 
compared with the pure LiFePO4, the unit cell parameter and unit cell volumes of 
Li0.98Cu0.01FePO4 have both shrunk. The reason is that the ion radius of Cu
2+
 is 0.073 nm and 
smaller than 0.076 nm, that of Li
+
, and it caused a decrease in the length of the c-axis. Another 
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the unit cell volume of Li0.98Cu0.01FePO4 shrank. The Cu-doped LiFePO4 demonstrated a better 
electrochemical property in terms of delivery capacity, cycle performance, and electrochemical 
properties, which is related to the enhancement of the electrical conductivity by ion dopant, 
compared with undoped LiFePO4. The small size of Li0.98Cu0.01FePO4 material may allow the 
intercalation and de-intercalation of Li
+
 ions to occur easily during the charge/discharge 
processes and exhibit high discharge capacity and good reversibility. 
Heo and co-workers [130] synthesized carbon LiFePO4, Li1.05FePO4, LiFe0.997Cu0.003PO4, and 
Li1.05Fe0.997Cu0.003PO4 materials at 660 °C in Ar atmosphere using a solid state method. They 
indicated that the replacement of Li and Cu metal ions in the LiFePO4 structure resulted in a 
small change in the powder morphology, which improved the electric conductivity and battery 
performance of the LiFePO4 electrode. Among the samples, the Li1.05Fe0.997Cu0.003PO4 showed 
the highest discharge capacity of 145 mAh/g and an excellent cycle retention rate over 90% after 
30 cycles. They suggested that this material can be prepared easily without any additional 
treatment for improving cycle performance, such as carbon coating and ball milling. 
Chang et al. [131] prepared LiFe1-xCuxPO4/C (x = 0, 0.01, 0.015, 0.02, 0.025) cathode materials 
with a high tap density using a solid state method at high temperature reaction in an inert 
atmosphere by using Cu(Ac)2 as a dopant and FePO4 as a precursor. They showed that the 
cathode material has excellent charge/discharge capacities, about 150 mAh/g and 297 mAh/cm at 
a rate of 0.1C and more than 127 mAh/g and 252 mAh/cm at a rate of 2C. They indicated from 
the SEM results that Cu-doped LiFePO4 plays an important role in the particle growth of 
LiFePO4 particles during the synthesis process. Also, they mentioned that the smaller size of the 
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particle can expand contact between the electrolyte solution and sample surface, decreasing the 
transmission way in the solid phase, improving the insertion and extraction of Li ions. 
Shin and co-workers [132] prepared the carbon coat of LiFePO4 and doped particles with Cr 
using a mechanochemical process. They suggested that improving performance can be done by 
chromium doping, which facilitates the phase transformation between triphylite and heterosite 
during cycling, and increases conductivity by carbon coating. From their results, the 
LiFe0.97Cr0.03PO4/C showed excellent rate performance and obtained the discharge capacity of 
120 mAh/g at the 10 C rate. The capacity delivered in the first discharge at 0.1 C is 127 mAh/g 
and it decreased to 118 mAh/g in the subsequent four cycles when using bare LiFePO4.  
Kang et al. [133] synthesized LiFePO4 and LiFe0.97Sn0.03PO4 cathode materials by a simplified 
sol-gel method for the first time. Their results show that the Sn doping reduces the size of 
particles with uniform distribution and increases the electrical conductivity of material. The 
smaller particles with uniformly distribution could offset the barrier to the sluggish charge 
transport of phosphate [5]. In addition, Sn doping expands Li–O bond length with lower energy 
barrier and facilitates the Li
+
 intercalation/de-intercalation, resulting in the improvement of the 
electrochemical properties of LiFePO4, especially the high-rate charge/discharge performance. 
LiFe0.97Sn0.03PO4 sample delivers specific capacity of 158, 154, 146 and 128 mAh/g at 0.5C, 1C, 
5C and 10C, respectively, in comparison with 147, 134, 119 and 107 mAh/g for LiFePO4. 
Moreover, the doping of Sn does not influence the cycle capability, even at 10 C [133]. 
Liu and co-workers [134] synthesized a series of cation doped Li1-xM0.01Fe0.99PO4/C composites 
(M=Ti, Zr, V, Nb, and W) by the solid state reaction method. After doping, the lattice structure 
of LiFePO4 is not destroyed and the reversibility of lithium ion intercalation and de-intercalation 
is improved. They mentioned that the diffusion coefficient of lithium ions depends on the radius 
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of the heteroatoms. As the radius of the heteroatom is larger, the diffusion coefficient increases. 
However, only when the radius of the doped heteroatom is bigger than or equal to Fe
3+
, the 
diffusion behavior can be improved. The heteroatom doping enlarges the volume of the crystal 
lattice, making the redox reversibility easier for the de-intercalation and intercalation of lithium 
ions. It may, however, block the ion diffusion channel. 
Wang and co-workers [135] prepared Ru-doped LiFePO4/C cathode materials by a simple 
rheological phase reaction method. Their results indicated that the Ru-doped LiFePO4/C 
materials exhibit a discharge capacity of 101 mAh/g at 5C for a current and stable cycle life. 
Their results can be explained by the small shrinkage of the lattice of LiFePO4 after Ru doping, 
because the diameter of Ru
3+
 is smaller than Fe
2+
. In the undoped LiFePO4/C, the cell volume 
decreases as Fe
2+
 is oxidized to Fe
3+
 during de-intercalation of Li
+
 because the diameter of Fe
3+
 
is smaller than Fe
2+
. It found that when the doping amount of Ru is too high, the lattice structure 
of LiFePO4 changed too much and the electrochemical performance was very poor. They showed 
that the Ru-doped LiFePO4/C materials have a more stable lattice structure, increase the 




 acts as a pillar in the lattice structure to 
prevent the collapse of crystal during cycling. 
Luo et al. [136] synthesized a series of samples of lanthanum doped Li1-xLaxFePO4 (x=0.0025, 
0.005, 0.0075, 0.01) using the solid state method. The effect of La showed that doping reduced 
crystal size to nano materials, increased conductivity and enhanced the diffusion rate of lithium 
ion. The lattice volume of La doped Li1-xLaxFePO4 are larger than the pure LiFePO4. The lattice 
volume values increase with the increasing La doping amount, which makes it easier for Li
+
 to 
insert and de-insert into doped materials. The optimum material with Li0.99La0.01FePO4 cathode 
showed a relatively high capacity of 123 mAh/g or close to 73% of the theoretical capacity for 
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the 0.5C discharge rate, which indicated a superior cycle capacity value and long term stability 
characteristics compared to other cells at ambient temperature. The roles of doping include 
decreasing the particle size, increasing electrical conductivity and affecting charge and mass 
transfer resistances of cells. 
Li and co-workers [7] prepared carbon-coated Li1-xLaxFePO4(x=0.005, 0.01, 0.015, 0.02, 0.025) 
by a microwave assisted, room temperature, solid state method. The lanthanum doping does not 
collapse the lattice structure of LiFePO4 due to the low doping content of lanthanum. Their 
results for electrochemical measurements indicated that the carbon coating and lanthanum 
doping with small and uniform particles (25-50 nm) provided an initial discharge capacity of 145 
mAh/g with an excellent rate capacity and long cycling stability when the amount of lanthanum 
is x=0.02. The sample achieves the best cycling performance, which make it attractive for large 
scale applications. 
Choet al. [137] synthesized LiFePO4 cathode materials with carbon coating and La doping by a 
high temperature solid state method. The mixtures were milled in an inert atmosphere to avoid 




 in a planet mixer for 3 h. Their results indicated that the La-ion 
dopants do not affect the structure of the material, but they improve its rate capacity performance 
and cyclic stability. Among the materials, the LiFe0.99La0.01PO4/C composite presents the best 
electrochemical behavior, having a discharge capacity of 156 mAh/g between 2.8 and 4.0 V at 
0.2 C compared to 104 mAh/g for undoped LiFePO4. They mention the exceptional thermal 
stability, which is attributed to good anion bonding and the stability of phosphate materials with 
its shorter P–O bond and more strongly bound oxygen. The excellent safety performance of the 
olivine structure could allow LIBs to move the traditional low rate markets more to high rate 
strong systems.  
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) ion, which has an atomic radius similar or smaller than the 
Fe
2+
 ion. They showed that the effect of the cation and larger atomic size of the doping element 
causes the lattice expansion and Li–O bond lengthening of the olivine structure. The lengthening 
and weakening of the Li–O bond will be useful to the electrochemical performance of cathode 
materials especially under the high C rate. Hence, the LiFe0.95V0.05PO4 powder with the largest 
volume of unit cells (longest Li–O bond length) recorded the highest discharging capacity of 152 
and 136 mAh/g at 0.1C and 1C rates, respectively. They concluded that the samples with a 
doping element of higher valency demonstrated a higher specific discharge capacity, especially 
when a high C rate charge/discharge is carried out.  
Up to now, most of interests have examined the cation doping. However, anion doping has 
recently become important for the LiFePO4 material.  Zhou and co-workers [138] synthesized  F-
doped  LiFePO4/C  nanoparticles  via  a  low-temperature  hydrothermal  method  followed  by 
heat treatment. The F-doped LiFePO4/C sample shows a high discharge capacity of 165.6 
mAh/g, in contrast, LiFePO4/C sample delivers a discharge capacity of 153.4 mAh/g. Their 
result indicate that the F doping increases the conductivity of LiFePO4/C and facilitates the Li
+
 
ion diffusion. Introduction of F into the structure has caused the weakness of Li–O bonds to 
improve Li
+
 ion diffusion and also reduction in the length of P–O bonds, implying higher 
stability for the LiFePO4 structure [138]. 
Liao et al. [139] synthesized a series of F-substituted LiFe(PO4)1-xF3x/C (x = 0.025, 0.05, 0.1) 
cathode materials by adding LiF and studied the effects of fluorine substitution on the 
electrochemical properties of LiFePO4/C. The results of electrochemical measurement showed 
that F-substitution can improve the rate capability of these cathode materials. The 
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LiFe(PO4)0.9F0.3/C sample showed the best performance, with a discharge capacity of 110 mAh/g 
at 10C rate and a discharge voltage of 3.0-3.3V. The LiFe(PO4)0.9F0.3/C sample also indicated a 
better cycling life at high temperature than the other samples. The LiFe(PO4)0.9F0.3/C sample 
delivered a lower discharge capacity of 151.6 mAh/g compared to 159.4, 163.88 and 157.9 
mAh/g for LiFe(PO4)1−xF3x/C (x = 0.025, 0.05, 0), respectively. Another group synthesized anion 
Cl-doped LiFePO4/C cathode materials via a carbothermal reduction route [140]. Cl-doping also 
improves the electrical conductivity and Li
+
 ions diffusion in the bulk of LiFePO4 in the same 
way as F-doping. The pristine LiFePO4/C delivers a discharge capacity of 132.1 mAh/g; in 
contrast, Cl-doped LiFePO4/C presents a discharge capacity of 162 mAh/g. 
In addition, it is worth noting that the coating of conductive carbon on the surface of LiFePO4 
crystals can reduce the contact resistance between particles and markedly increase the apparent 
diffusion coefficient of Li
+
 by at least one order of magnitude in comparison with that of 
LiFePO4 without carbon coating and, thus, also enhance significantly the electrical conductivity 
of the composites [141, 142]. Recent reviews [9-11, 143-149] summarized the material 
processing techniques, material doping and coating, particle size optimizing and other 
parameters, which applied to the fabrication of LIBs and their components. 
Most of the cathode materials are transition metal oxides, which have poor electrical 
conductivity. This may in some systems limit the current density on the cathode. Therefore, 
improving the electrical conducting of the cathode is very important for improving the cycling 
rate of LIBs. The Li diffusion on the cathode side is believed to be the rate limit step in most 
cases. Improving both the ionic and electrical conduction of the cathode is the key to developing 
high rate LIBs. 
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In conclusion, despite the quantity of doping elements used to improve the performances of the 
LiFePO4/C cathode materials, there is no commercial Li-ion battery based on metal doped 
LiFePO4/C cathode materials. The fundamental reasons of the effect of the metal doping on the 
performance of the LiFePO4/C cathodes are not elucidated. Furthermore, how the method of 







The main objective of this work is to determine and optimize experimental conditions to prepare 
high performance LiFePO4 doped with noble metals as cathode material for LIBs applications. 
This has never been done before. 
To support the main objective, the following specific objectives must be accomplished: 
(1) Synthesis of LiFePO4 cathode materials via sol-gel and hydrothermal methods.  
(2) Carbon coating optimization of LiFePO4 material to obtain high performance LiFePO4/C 
material. 
(3) Synthesis of palladium doped LiFePO4/C materials by hydrothermal and sol-gel methods. 
(4) Synthesis of platinum doped LiFePO4/C materials by hydrothermal and sol-gel methods. 
(5) Charactering the prepared materials by XRD, SEM, XPS and BET to determine the effect 
of the doping on the physical-chemical parameters of LiFePO4/C materials. 
(6) Determining the electrochemical performance of the Li-ion battery based on these 
cathode materials, such as charge-discharge test, CV, EIS and cycling. 
(7) Investigating the effect of metal doping and preparation methods on the physical-




CHAPTER 3 ORGANIZATION OF ARTICLES AND THESIS 
STRUCTURE 
 
In chapter 4, optimized amount of carbon for coating of LiFePO4 particles were investigated. 
Therefore, uniform and optimized carbon coating is determined to achieve high performance 
LiFePO4/C material for all the experiments. The results are presented in an article with the title 
of “Improvement of the electrochemical and electrical properties of LiFePO4 coated with citric 
acid”.  
In Chapter 5, the influence of palladium & platinum doping on the physical-chemical properties 
and electrochemical performance of LiFePO4/C material prepared via sol-gel method was 
investigated using XRD, XPS, SEM, BET techniques and electrochemical test measurements. 
The results of this chapter are presented in two articles titled “Effects of palladium doping on the 
structure and electrochemical properties of LiFePO4/C prepared using the sol-gel method” and 
“Synthesis and characterization of Pt-doped LiFePO4/C composites using sol-gel method as the 
cathode material in lithium-ion batteries”. 
Chapter 6 discusses in detail the effects of palladium & platinum doping on the structure, purity, 
morphology and electrochemical properties of LiFePO4/C material synthesized using a 
hydrothermal method. The results of this chapter are presented in two articles by titles of 
“Synthesis and characterization of palladium doped LiFePO4/C nano composites using 
hydrothermal method for Li-ion batteries application” and “Enhancement of electrochemical 




Chapter 7 is a general discussion and summary of results obtained in this study. Moreover, the 
most important factors affecting the performance of doped-LiFePO4/C material are presented. 
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Abstract  
LiFePO4 was synthesized using the hydrothermal method and coated with different amounts of 
citric acid as the carbon source. The samples were characterized by X-ray powder diffraction 
(XRD), scanning electron microscopy (SEM), surface area measurement (BET), discharge 
capability, cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS). The 
results show that the quality and thickness of the carbon coating on the surface of the LiFePO4 
particles are very important, and that only a specific content (about 30%) can lead to a more 
uniform carbon distribution. Electrochemical results show that the samples containing 20%, 
30%, 40%, and 50% carbon deliver a discharge capacity of 105, 167, 151, and 112 mAh g
−1
 
respectively at the rate of 0.1C. An increase in carbon leads to a decrease in the discharge 
capacity of the LiFePO4/C, owing to fact that the excess carbon delays the diffusion of the 
Li
+
 ions through the carbon layers during the charge/discharge procedure, and LiFePO4/C with a 
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low carbon content exhibits poor electrochemical performance because of its low electrical 
conductivity. Therefore, the amount of carbon must be optimized in order to achieve excellent 
electrochemical performance of LiFePO4/C for application in a lithium-ion battery. 
Keywords: LiFePO4, Lithium ion batteries, Carbon coating 
4.1 Introduction 
Lithium iron phosphate (LiFePO4) is well known to be a promising candidate to replace lithium 
cobalt oxide as the cathode in a lithium ion battery application, owing to its low cost, excellent 
thermal stability, lack of toxicity, abundance in nature, and high cyclability [1-3]. There are 
several methods for preparing LiFePO4 cathode materials, such as the sol-gel method [4], the 
hydrothermal method [5, 6], co-precipitation [7], microwave processes [8], the solid-state 











), which limit its practical use in large 
applications [10]. To solve these problems, various strategies, including particle size reduction, 
carbon coating, and metal doping, have been proposed [11-14]. However, experimental results 
show that carbon coating has a more significant effect on performance than doping and particle 
size reduction, and so most researchers in this field are of the opinion that carbon coating is 
worth further study [15, 16]. 
Low electrical conductivity can be overcome by coating the surface of particles with porous 
films of carbon which are conductive [17]. Also, carbon coating will protect the active material 
from dissolution in the electrolyte and prevent percolation of the electrolyte, as it will solve the 
problem of direct contact between the electrode and the electrolyte [18]. In addition, a carbon 
coating will prevent undesirable particle growth during the preparation of LiFePO4, and it will 




[19, 20]. Many sources of carbon, 
43 
 
such as ascorbic acid [19], lactose [20], sucrose [21], glucose [22], carbon nanotube [23], 
graphene [24], etc., have been recognized as suitable for this purpose. However, the carbon 
source must be inexpensive, the amount used must be optimized, and the carbon coating must be 
uniform, in order to guarantee an excellent conducting network on the LiFePO4 particles [25, 
26]. It is not necessary to use large amount of carbon to ensure a better coating. In fact, too much 
carbon would have significant side-effects, such as the reduction of LiFePO4 to Fe2P, a decrease 
in energy density, and a decrease in porosity [27, 28]. It seems that achieving a uniform, 
homogeneous carbon coating on the surface of LiFePO4 particles is a major challenge [29]. 
Based on the results in the literature, no carbon coating has yet been found that meets the criteria 
for lithium-ion batteries. An optimal relation between the amount of carbon used for the coating, 
the uniformity of the coating, and its physicochemical properties, and the performance of the cell 
based on these electrodes need to be established. The objective, then, is to optimize the amount 
of carbon to obtain a uniform coating without sacrificing its energy density. In this work, 
LiFePO4, with different amounts of citric acid as the carbon source, is synthesized to investigate 
the effect of carbon on the structure, morphology, performance, and electrochemical properties 
of LiFePO4. 
4.2 Experimental 
4.2.1 Synthesis of LiFePO4 
LiFePO4 was prepared using the hydrothermal method from precursors of FeSO4·7H2O, H3PO4, 
and LiOH·H2O in a molar ratio of 1:1:3. FeSO4·7H2O and H3PO4 were dissolved in deionized 
water under magnetic stirring to obtain a solution. Then, a LiOH·H2O solution was added 
dropwise to the first solution while stirring. A small amount of hydrazine and some ethylene 
glycol (EG) were then added to the solution. The whole procedure was carried out in a nitrogen 
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atmosphere. The mixture was quickly sealed in a Teflon-lined autoclave purged with nitrogen 
and heated at 190
◦
C for 6 h. Once the hydrothermal reaction was completed, the autoclave was 
cooled down to room temperature. The precipitate was filtered out of the cooled liquid and 
washed several times with deionized water and acetone. After drying at 120
◦
C overnight in a 
vacuum oven, presynthesized LiFePO4 was mixed with different amounts of citric acid in 
deionized water as the carbon source. The dried sample was annealed at 500
◦
C for 5 h under a 
nitrogen atmosphere. The samples are hereafter reported as LF for LiFePO4 and LF/20C, 
LF/30C, LF/40C, and LF/50C for 20%, 30%, 40%, and 50% citric acid, by weight of LiFePO4, 
respectively.  
4.2.2 Sample characterization 
The structure and crystallinity of the samples were analyzed by X-ray diffractometry (Philips 
X’pert) with CuKα radiation (λ=1.54056 A°). The diffraction patterns were recorded between 
scattering angles of 10° and 80° in steps of 0.03°. The morphology of the prepared powders was 
observed using scanning electron microscopy (JSM-7600TFE). The specific surface area of the 
samples was then measured (Autosorb-1, Quantachrome instruments). The carbon content of the 
samples was determined using carbon-detector (LECO Co., CS 400). 
4.2.3 Cell fabrication and electrochemical tests 
The composite electrode was prepared by mixing the active material, with carbon black (Super 
C65- Timcal) as a conductive additive, and polyvinylidene fluoride (PVDF) in a weight ratio of 
80:10:10 in N-methyl-2-pyrrolidone. The resulting slurry was spread onto aluminum foil and 
dried in a vacuum oven at 70
◦
C overnight. The loading of the composite cathode was 7-10 
mg/cm
2
. The cells (2032) were assembled in an argon-filled glove box with the lithium metal as 
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the anode, LiFePO4/C as the cathode, with a Celgard 2400 as the separator, and 1 mol/L LiPF6 in 
ethylene carbonate-dimethyl carbonate (1:1 in W/W) as the electrolyte. The charge/discharge 
tests were performed at between 2.5 and 4.2V (vs. Li/Li
+
) with a Solartron battery test analyzer. 
cyclic voltammetry was carried out using a potentiostat, PAR 273A, in the potential range of 2.5-
4.2V (vs. Li/Li
+
) at room temperature with scan rates of 0.1 mVs
-1
. The EIS measurements were 
performed on a Solartron 1260 over a frequency range of 0.01 Hz-1 mHz by applying an AC 
signal of 10 mV. 
4.3 Results and discussion 
The XRD patterns of the samples are shown in Figure 4-1. The peaks for all the samples can be 
indexed as a well-crystallized LiFePO4 phase with an orthorhombic structure, the Pnmb space 
group, based on patent no. JCPDS 40-1499. No evidence of diffraction peaks for citric acid 
appears in the diffraction pattern of the samples, even when the amount of carbon is increased to  
 
Figure  4-1: XRD patterns for synthesized LiFePO4/C with the different amount of carbon 
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50%, since carbon has an amorphous structure. Also, the carbon has not changed the structure of 
LiFePO4, since the carbon coating was added after the LiFePO4 had been synthesized. All the 
samples have narrow diffraction peaks, indicating a high degree of crystallinity, due to the 
annealing of the samples. Note that no impurities were detected by X-ray diffraction analysis. 
This is because hydrazine was added during the synthesis process to prevent their formation [19].  
Figure 4-2 shows the SEM images of LiFePO4 coated with different amounts of carbon. The LF 
particles are fine-grained, because EG was added during synthesis to reduce the solubility of the 
metal ions. This means that crystal growth is inhibited by EG, and so smaller particles are 
produced [16, 30]. The LF sample shows a particle size of about 0.5-1μm. We know that the 
LF/20C sample contains insufficient carbon, because the LiFePO4 particles could not be coated 
completely. In contrast, we see that the carbon is uniformly dispersed on the LF/30C sample, and 
is therefore optimized. The addition of more carbon causes cracks and holes to appear, as we can 
see in the LF/40C sample. The carbon contents are 1.8 wt%, 4.1 wt%, 6.3 wt% and 6.9 wt% for 
the LF/20C, LF/30C, LF/40C and LF/50C samples, respectively. The BET measurements in 
Table 4-1 show clearly that the specific surface area of the electrode increases with the carbon 
content as a result of mixing LF powder with citric acid in the liquid phase and the evaporation 
of the solution. In Figure 4-2, we see the pores that have increased the surface area of the 
electrode, and can conclude from this that the high discharge capacity on some electrodes is due 







Figure  4-2: SEM images of LiFePO4/C with the different amount of carbon 
 






The discharge curves of samples prepared with various amounts of carbon are shown in Figure 













conductivity, and this can be confirmed by measuring resistivity. We see an initial specific 
discharge capacity of 105, 167, 151, and 112 mAh g
−1
 for the LF/20C, LF/30C, LF/40C and 
LF/50C samples respectively. The performance of the LiFePO4 particles surface-coated with 
carbon has improved greatly, in terms of specific capacity, due to an increase in electrical 
conductivity and an enlargement of the specific surface area, both of which improve the reaction, 
as indicated by the BET results. But the amount of carbon must be optimized, to ensure that the 
carbon content is not too high, as this would result in too much carbon on the surface of the 
particles. A thick layer of carbon would prevent the surface electrons from interacting and make 
it difficult for the ions to diffuse through the powder structure, as revealed with the LF/50C 
samples.  
 




As we can see in Figure 4-3, if the particles have a uniform carbon coating of the appropriate 
thickness (LF/30C), they could have a discharge capacity of 167 mAh g
−1
, which is close to the 
theoretical capacity for LiFePO4, which is 170 mAh g
−1
. 
The CV curves of the LF, LF/20C, LF/30C, LF/40C, and LF/50C samples are presented in 
Figure 4-4. For all the samples, there are oxidation and reduction peaks. These are attributed to 
the two-phase reaction between lithiated phase, LiFePO4, and the delithiated phase, FePO4. 
However, for the optimized LF/30C sample, the potential separation between the cathodic 
(3.57V) and anodic (3.30V) peaks is shorter (around 0.27V) than those of non optimized 
samples. This shorter distance between the cathodic and anodic peaks (0.27V) indicates a low 
polarization potential during the redox process. In addition, the oxidation/reduction peaks for the 
LF/30C sample are sharper and more symmetrical, which indicates better reversibility and 
 
Figure  4-4: CV curves of LF, LF/20C, LF/30C, LF/40C and LF/50C samples 
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electrochemical activity during the lithium intercalation and de-intercalation processes 
[31].Electrochemical impedance spectroscopy (EIS) was performed to investigate the lithium ion 
diffusion through the LiFePO4 structure. The EIS curves of all the samples are shown in Figure 
4-5. The intercept impedance on the real axis corresponds to the resistance, Re, of the electrolyte. 
The depressed semicircle in the high frequency region is related to the charge transfer resistance 
(Rct), and the diameter of the semicircle on the Z' axis is approximately equal to Rct. The 
sloping line at the lower frequency is attributed to the Li
+
 diffusion resistance in the bulk of the 
material, which is called the Warburg diffusion [32]. The impedance data can be fitted to the 
equivalent circuit, as shown in the inset in Figure 4-5. The parameters of the equivalent circuit 
are presented in Table 4-2. 
 
 
Figure  4-5: The EIS plots of LF, LF/20C, LF/30C, LF/40C and LF/50C samples. The inset 




Table  4-2: The impedance parameters of the different samples 









LF 11.5 498.5 91.03 2.83×10
-15
 
LF/20 6.3 182.7 15.31 1.00×10
-13
 
LF/30 5.1 78.9 12.02 1.62×10
-13
 
LF/40 5.2 168.8 14.51 1.11×10
-13
 




The relation of Zre vs. the reciprocal root square of the frequency (ω
-0.5
) in the low frequency 
region is shown in Figure 4-6. Using Eq. (1), the Warburg impedance coefficient, σw, of the 
samples can be obtained, and are listed in Table 4-2. Consequently, the Li
+
 diffusion coefficients, 
D, of the samples were calculated using Eq. (2): 
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), T is the temperature (298
 
K), A is the electrode 
surface area (cm
2
), F is the Faraday constant (96486 C mol
-1
), n is the number of electrons 






Figure  4-6: The relationship between Zre and ω
-0.5
 at low frequency 
 
The LF/30C sample shows a lower value for Rct, due to the high electrical conductivity, and this 
indicates that the impedance of the electrochemical reaction is reduced by the optimization of the 
amount of carbon. The result is consistent with the difference between the peak potentials in the 
cyclic voltammograms, as shown in Figure 4-4. Also, the lithium ion diffusion for the LF/30C 






), in comparison with that of the other samples presented in 
Table 4-2. Consequently, the enhancement of the electrochemical properties of the LF30/C 
sample can be attributed to its high electrical conductivity, large surface area, and short lithium 
ion diffusion path through the structure of the material, which facilitates fast kinetics and the 
achievement of a high rate capacity [33]. This result shows that the lithium ion diffusion initially 
increases with an increasing amount of carbon and then decreases with the addition of more 
carbon. We can conclude that carbon coating can enhance the electrical conductivity of LiFePO4; 
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however, a too thick coating could make difficult the Li
+
 ion diffusion through the LiFePO4 
structure, which is compatible with Jiang’s result [34]. Also, annealing the samples completes 
carbonization of the citric acid, as well as increasing the crystallinity of LiFePO4 powders for 
better ion diffusion [14].  It has been pointed out that an excellent electrochemical performance 
can be achieved by optimizing other factors during synthesis, including particle size, 









In this work, LiFePO4 material was synthesized using a hydrothermal method and by carbon 
coating the material with different amounts of carbon. The results indicate that carbon coating 
does not change the structure of the LiFePO4, but it can significantly improve the 
electrochemical properties of the material by enhancing its electrical conductivity and specific 
surface area. Electrochemical results show that the LF, LF/20C, LF/30C, LF/40C and LF/50C 
samples deliver a discharge capacity of 50, 105, 167, 151, and 112 mAh g
−1
, respectively at the 
rate of 0.1C. LiFePO4 coated with a small amount of carbon results in poor electrochemical 
performance, and too much carbon can prevent Li
+
 diffusion through the structure of the material 
and decrease its specific capacity. The thickness of the carbon coating was found to be optimized 
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CHAPTER 5 ARTICLES 2 AND 3: SUMMARY OF DOPING WITH 
SOL-GEL METHOD 
 
This chapter consists of the following two publications;  
 
1. Effects of palladium doping on the structure and electrochemical properties of LiFePO4/C 
prepared using the sol-gel method 
 
2. Synthesis and characterization of Pt-doped LiFePO4/C composites using the sol-gel 

















5.1 Effects of palladium doping on the structure and electrochemical 
properties of LiFePO4/C prepared using the sol-gel method 
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Abstract 
LiFePO4/C, LiFe0.98Pd0.02PO4/C, and LiFe0.96Pd0.04PO4/C composite cathode materials were 
synthesized using the sol-gel method. The effect of palladium on the structure and 
electrochemical properties of LiFePO4/C were investigated by X-ray diffraction (XRD), X-ray 
photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), surface area 
measurement (BET), charge/discharge testing, and cyclic voltammetry (CV). The results indicate 
that palladium doping facilitates the formation of Li3PO4 impurity. Also, the lattice parameters of 
the LiFePO4 structure decrease in size as the palladium content increases. In addition, the 
particles become larger and agglomerated by palladium incorporation. The electrochemical 
results show that palladium doping decreases the electrochemical performance of LiFePO4/C, 
owing to shrinking lattice parameters and the difficulty of achieving the diffusion of lithium ions 
into the structure during the intercalation/de-intercalation process. These results suggest that 
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palladium doping by sol-gel method changes the LiFePO4 structure significantly which may 
impact it performances as cathode for the lithium ion battery applications.   
Keywords: LiFePO4/C, sol-gel method, palladium doping, lithium ion diffusion. 
5.1.1 Introduction 
Since 1997, LiFePO4 has been considered a promising candidate as a cathode material in lithium 
ion battery applications, because of its excellent thermal stability, low cost, non toxicity, and 











), which result in low current densities, 
limiting its application in large electronic devices [4, 5]. Various approaches have been proposed 
to solve these problems, such as decreasing particle size, carbon coating, and metal doping [6-
12]. Experimental results and theoretical studies show that metal doping is more complex than 
carbon coating and particle size reduction. Moreover, the doping mechanism is not yet clearly 
understood. It has been demonstrated that small particles facilitate the passage of Li ions through 
the LiFePO4 structure [10], that carbon coating improves the electronic properties on the surface 
of the LiFePO4 particles [13], and that a doping agent can increase the intrinsic electrical 
conductivity of bulk LiFePO4 particles [14-16]. A doping agent can also make a longer Li-O 
bond with a lower energy barrier in the LiFePO4 structure, so that Li ion movement becomes 
easier, enhancing the ionic conductivity [17-19]. However, doping bulk LiFePO4 material 
without a carbon coating is not enough to improve its electrochemical performance. As a result, 
researchers usually combine the doping and carbon coating elements in order to achieve this 
improvement. 
To select an appropriate doping approach, many factors must be considered, including the site of 
the doping, the physicochemical properties of the dopant, and the amount of dopant required. 
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Theoretical studies have shown that LiFePO4 has a one-dimensional Li ion diffusion pathway 
[21-23], and that a non mobile dopant at the Li site probably blocks the diffusion of Li ions [24, 
25]. Also, a very large amount of dopant may block the diffusion channels for Li ions throughout 
the LiFePO4 structure, and also collapse or destroy that structure [11, 25, 26]. However, it has 
been reported that various dopant elements enhance the electrochemical performance of 
LiFePO4, including Sn [14], Mg [15], La [26], Na [27], Cu [28], V [29], Ti [30], Co [31], Ru 
[32], Mo [33], F [34], Cl [35], Zn [36], Cr [37], etc. 
So far, to our knowledge, the effect of palladium (Pd) on LiFePO4 has not been reported. In this 
paper, we introduce a method for synthesizing Pd-doped LiFePO4 material using the sol-gel 
method, and investigate the effect of Pd doping on the physical and electrochemical properties of 
the prepared materials. 
5.1.2 Experimental 
5.1.2.1 Synthesis of materials  
LiFePO4, LiFe0.98Pd0.02PO4, and LiFe0.96Pd0.04PO4 samples were synthesized using the sol-gel 
method and a stoichiometric amount of Li(CH3COO) (lithium acetate, Alfa Aesar), 
Fe(NO3)3.9H2O (iron nitrate, Sigma Aldrich), Pd(NO3)2.2H2O (palladium nitrate, Sigma 
Aldrich), and H3PO4 (phosphoric acid, Anachemia). First, phosphoric acid was diluted in the 
distilled water, and then iron nitrate, palladium nitrate, and lithium acetate were added to the 
solution, which was mixed until the constituents were completely dissolved. The solution was 
combined with glycolic acid and the pH was adjusted to fall into the 8.5 to 9.5 range using 
ammonium hydroxide. The solution was heated at 90
◦
C while stirring until a gel formed. After 
drying at 120
◦
C in a vacuum oven, the sample was annealed at 500
◦
C for 10 h to obtain LiFePO4. 
Finally, the presynthesized LiFePO4 was mixed with sucrose as a carbon source in a 70:30 
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weight ratio, followed by annealing at 700
◦
C for 5 h to prepare a LiFePO4/C composite. The 
procedure was performed under a nitrogen atmosphere. 
5.1.2.2 Materials characterization 
The phase purity and crystalline structure of the samples were investigated using an X-ray 
diffractometer (Philips X’pert) with CuKα radiation (λ=1.54056 A°). The oxidation states of the 
Fe and Pd ions were analyzed by X-ray photoelectron spectroscopy (VG ESCALAB 3 MKII) 
with an Al Kα radiation source (hν=1486.6 eV). The pressure in the analyzer chamber was 
around 8
-9
Torr with a power of 216 W and a 2×3 mm analysis region. The data were calibrated 
with respect to a C1s peak at a value of 285.0 eV. Their morphology and particle size 
distributions were observed by scanning electron microscopy (JSM-7600TFE), and their specific 
surface area was determined using a BET measurement machine (Autosorb-1, Quantachrome 
instruments). The carbon content of the samples was measured by carbon analyzer (LECO Co., 
CS 400). 
5.1.2.3 Electrochemical characterization 
The composite cathodes for electrochemical measurement were prepared by mixing the 
LiFePO4/C powders, carbon black (Super C65-Timcal), and polyvinylidene fluoride (PVDF) in a 
weight ratio of 80:10:10 in an N-methyl-2-pyrrolidone solvent for 3-6 h. Subsequently, the slurry 
was coated onto aluminum foil using the doctor blade technique and dried in a vacuum oven 
overnight. The cells (2032) were assembled in an argon-filled glove box with lithium metal as 
the anode, a Celgard 2400 as the separator, and 1 molL
-1
 LiPF6 in ethylene carbonate-dimethyl 
carbonate as the electrolyte. The charge/discharge test and cycling stability test were performed 
between 2.5 and 4.2V (vs. Li/Li
+
) with a Solartron battery test analyzer. Cyclic voltammetry 
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(CV) was carried out using PAR273A in the potential range of 2.5-4.2V (vs. Li/Li
+
) with scan 
rates of 0.1 mV/s. All the electrochemical measurements were carried out at room temperature. 
5.1.3 Results and discussion 
Figure 5-1 shows the XRD patterns for the LiFePO4, LiFe0.98Pd0.02PO4, and LiFe0.96Pd0.04PO4 
samples. For all the samples, the main diffraction peaks indexed a standard olivine LiFePO4 
phase with an orthorhombic structure, a space group of Pmnb (JCPDS 40-1499). The Pd-doped 
samples contain the Li3PO4 impurity phase. As the palladium content increases, the intensities of 
the Li3PO4 diffraction peaks are enhanced, indicating that palladium incorporation facilitates the 
formation of the Li3PO4 impurity. However, the Li3PO4 phase has usually been reported as an 
impurity in doped LiFePO4 samples [27, 38]. At the same time, Li3PO4 might act as an inert and 
inactive mass, decreasing the electrochemical performance of LiFePO4 material [39, 40].  
 




The lattice parameters of the samples were calculated using Topas software, and are listed in 
Table 5-1. These parameters demonstrate that palladium has been successfully doped into the 
LiFePO4 phase. They decrease linearly, along with their cell volume, with an increasing amount 
of palladium. Therefore, the shrinkage in the lattice parameters delays Li ion insertion and 
extraction throughout the structure of the LiFePO4, because there is less space available for 
diffusion [17, 19, 32,41]. This probably blocks channel diffusion, consequently decreasing the 
electrochemical performance of the cathode materials, especially under the high current rate, 
which is compatible with Islam’s suggestion [23]. These results seem to be inconsistent with the 





 ions, since the ionic radius of Pd
2+
 (86Å) is larger than that of Fe
2+
 (78Å). The same 
unexpected result has been reported for Ti-doped LiFePO4 [38]. 
 
Table  5-1: Lattice parameters of pristine and doped LiFePO4 from XRD data 
Sample a(Å) b(Å) c(Å) V 
LiFePO4 10.32408 6.00286 4.69050 290.689 
LiFe0.98Pd0.02PO4 10.31850 6.00157 4.69036 290.461 
LiFe0.96Pd0.04PO4 10.31470 5.99609 4.68602 289.820 
 
The oxidation states of Fe and Pd for the LiFePO4 and LiFe0.96Pd0.04PO4 samples can be 
determined by XPS analysis. The XPS spectra within a wide range of binding energies for the 
LiFePO4 and LiFe0.96Pd0.04PO4 samples are illustrated in Figure 5-2. The peaks corresponding to 
Fe 2p, O 1s, P 2p, and C 1s were observed for both samples, as indicated in Figure 5-2. The 
binding energy for the Li 1s peak overlaps the Fe 3p peak (56 eV), and so it was not feasible to 
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determine its binding energy or approximate its element content. Note that the Pd 3d peak was 
observed for the doped sample, as shown in Figure 5-2(b), confirming the existence of Pd in the 
sample.  
 
Figure  5-2: XPS spectra of the samples: (a) LiFePO4; and (b) LiFe0.96Pd0.04PO4 
 
Figure 5-3(a) shows the high resolution spectrum for the Pd 3d peak in the doped sample. It 
contains a doublet with binding energies of 336 eV and 341 eV, corresponding to the Pd 3d5/2 
and Pd 3d3/2 lines respectively, which determines that the oxidation state of Pd in the doped 
sample is +2 [42]. In order to examine the effect of Pd doping on the oxidation state and binding 
energy of Fe, the high-resolution spectra of the Fe 2p peak for the two samples were compared, 
as illustrated in Figure 5-3(b). LiFePO4 samples contain the Fe 2p3/2 (710.9 eV) and Fe 2p1/2 
(724 eV) peaks, indicating that the oxidation state of the Fe is +2, which is compatible with other 
reports [31, 41]. For the doped sample, no obvious changes were observed in comparison with 







Figure  5-3: (a) XPS core levels of Pd 3d for the LiFe0.96Pd0.04PO4 sample; (b) XPS core levels of 
Fe 2p for the LiFePO4 and LiFe0.96Pd0.04PO4 samples 
 
Figure 5-4 shows the SEM images of the LiFePO4, LiFe0.98Pd0.02PO4, and LiFe0.96Pd0.04PO4 
samples. The LiFePO4 material consists of small homogeneous particles 100-500 nm in size, as 
shown in Figure 5-4(b). However, palladium incorporation changes the morphology of this 
material completely, and the particles become larger and agglomerated. This explains its lower 
electrochemical capacity, as discussed later. However, agglomeration in the doped samples may 
be caused by the Li3PO4 phase, in which melting may have occurred during the calcination 
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process [31]. Also, the specific surface area of the samples decreases with increasing palladium 
content, as shown in Table 5-2. Therefore, the amount of surface area for the reaction reduces 
with palladium incorporation. It is believed that small, regular particles tend to reduce the length 
of the path of Li ions diffusing through the structure, resulting in fast reaction and diffusion 
kinetics for the intercalation/de-intercalation process, which can enhance the electrochemical 
performance of LiFePO4 material. 
 
 
Figure  5-4: SEM images of  (a) LiFePO4, (b) High resolution  LiFePO4, (c) LiFe0.98Pd0.02PO4, 




Table  5-2: BET result of the samples 







Figure 5-5 shows the discharge curves of the LiFePO4/C, LiFe0.98Pd0.02PO4/C, and 
LiFe0.96Pd0.04PO4/C samples at different current rates between 2.5 and 4.2 V. The LiFePO4/C 





reaction process between FePO4 and LiFePO4. The LiFePO4/C sample achieves the specific 
capacity of 164, 150, 120, and 105 mAh/g at rates of 0.2C, 1C, 5C, and 10C respectively. 
Palladium substitution decreases the discharge capacity of the samples, and a further decrease in 
the discharge capacity is observed when the palladium content is increased. This is partly due to 
the existence of the Li3PO4 phase which acts as an impurity, as palladium incorporation 
facilitates the formation of the Li3PO4. This impurity can act as an inert and inactive mass during 
the redox process, reducing electrochemical performance [39, 40]. Another possibility is that the 
lattice parameters decrease with an increasing palladium content, and parameter shrinkage makes 
it difficult for Li ions to diffuse into the structure of LiFePO4. This is because there is less space 
available for diffusion of Li
+
 ion by blocking the channel. Also, the large size and agglomeration 
of the particles, as shown in the SEM results, delay Li ion diffusion during the reaction process 
that the Pd-doped samples undergo. However, in the case of the LiFe0.96Pd0.04PO4/C sample, a 
flat plateau is not observed, clearly confirming higher polarization, owing to the extra Li3PO4 
impurity phase and the limitation of Li ion diffusion. The LiFe0.96Pd0.04PO4/C sample achieves 
the low specific capacity of 107, 79, 58, and 42 mAh/g at rates of 0.2C, 1C, 5C, and 10C 
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respectively. Murugan et al. also report that cobalt doping does not have a positive effect on the 
electrochemical properties of LiFePO4/C [43].  
 
Figure  5-5: Discharge curves for the LiFePO4/C, LiFe0.98Pd0.02PO4/C, and LiFe0.96Pd0.04PO4/C 
samples at various rates 
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In all three samples, the carbon contents in the final cathode materials were around 6.8 wt%. The 
effects of palladium doping on the electrochemical properties of LiFePO4/C materials can be 
further investigated by cyclic voltammograms. Figure 5-6 shows the CV curves of LiFePO4/C, 
LiFe0.98Pd0.02PO4/C, and LiFe0.96Pd0.04PO4/C samples between 2.5 and 4.2V at a scan rate of 0.1 





 redox couple, were clearly observed. However, the LiFePO4/C sample shows more 
symmetry in its anodic/cathodic peaks, and the peaks are sharper, suggesting better 
electrochemical properties. Although the LiFe0.96Pd0.04PO4/C sample shows less separation 
between its anodic/cathodic peaks, the amount of current is very low in comparison with that of 
other samples. The results indicate that Li ion insertion and extraction can be achieved more 
easily in the LiFePO4/C sample. 
 




The discharge cycling tests at various rates for the LiFePO4/C, LiFe0.98Pd0.02PO4/C, and 
LiFe0.96Pd0.04PO4/C samples are shown in Figure 5-7. Here, the LiFePO4/C sample can be seen to 
exhibit good capacity retention at various discharge rates. Moreover, its capacity can be 
completely recovered when the rate is decreased from 10 C to 0.2 C. However, capacity fading 
can be observed when the amount of palladium doping is increased, especially for the 
LiFe0.96Pd0.04PO4/C sample in high-rate tests, which indicates poor cycling stability. The poor 
electrochemical performance and cycling of the Pd-doped samples, especially the 
LiFe0.96Pd0.04PO4/C sample, can be attributed to the formation of the Li3PO4 impurity phase, 
shrinkage of the lattice parameters, agglomeration, and large particle size, which result in the 
difficulty of diffusing Li ions into the structure during the intercalation/de-intercalation process. 
However, this examination indicates that doping at the Fe site with Pd
2+
 does not improve the 











Figure  5-7: Cycling performance of the LiFePO4/C (), LiFe0.98Pd0.02PO4/C (), and 




LiFePO4, LiFe0.98Pd0.02PO4, and LiFe0.96Pd0.04PO4 were synthesized using the sol-gel technique. 
XRD analysis indicates that the Li3PO4 impurity phase was detected for the Pd-doped samples, 
especially the LiFe0.96Pd0.04PO4 sample, and that the lattice parameters of the Pd-doped samples 
decrease linearly as the amount of Pd
2+
 doping increases. Also, the particles become larger and 
they agglomerate following palladium incorporation, as shown in the SEM results. The 
electrochemical results show that the specific capacity of the LiFePO4/C sample decreases with 
an increase in palladium content. The LiFe0.96Pd0.04PO4/C sample show an unsuitable 
electrochemical performance and poor rate cycling between samples, which could be attributed 
to its shrinking lattice parameters, large particle size, and the Li3PO4 impurity phase. As a result, 
palladium doping using the sol-gel method has a negative impact in the chemical composition, 
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Abstract 
LiFePO4/C and LiFe0.96Pt0.04PO4/C nanocomposite cathode materials were synthesised using the 
sol-gel method in a nitrogen atmosphere. The samples were characterised by x-ray diffraction 
(XRD), x-ray photoelectron spectroscopy (XPS), and scanning electron microscopy (SEM). 
Their electrochemical properties were investigated using galvanostatic charge/discharge tests, 
cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS). The XRD results 
indicate that substituting iron with platinum does not destroy the structure of LiFePO4, but 
expands the lattice parameters and enlarges the cell volume. The electrochemical results show 
that platinum doping improves the electrochemical performance of LiFePO4/C particles owing to 
the expansion of the lattice structure, which provides more space for Li ion diffusion. The, larger 
lattice structure parameters of the LiFe0.96Pt0.04PO4/C material result in a high discharge capacity 
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of 166, 156, 142, and 140 mAh/g at rates of 0.2C, 1C, 5C, and 10C respectively, as compared to 
164, 150, 120, and 105 mAh/g for undoped LiFePO4/C. 
Keywords: LiFePO4/C, sol-gel method, platinum doping. 
5.2.1 Introduction 
LiFePO4 has been chosen as a promising candidate for cathode materials in lithium-ion battery 
applications because of features like low cost, abundance in nature, excellent thermal stability, 
non-toxicity, and high cyclability [1, 2]. However, pristine LiFePO4 has its drawbacks as well: 
low intrinsic electrical conductivity and poor Li ion diffusion, which limit its application in large 
devices [3, 4]. Various strategies, including carbon coating, minimising the particle size, and 
element doping have been proposed to remedy these drawbacks [5-14]. 
Element doping has been confirmed to improve the intrinsic electrical conductivity of LiFePO4 
particles [13-15]. Moreover, a doped element causes lattice parameter expansion and 
enlargement of the cell volume, which induces lengthening and weakening of the Li–O bond 
with a lower energy barrier, and provide more space for Li ion diffusion. This facilitates Li ion 
movement in the LiFePO4 structure, increases ionic conductivity, and improves the 
electrochemical performance of the LiFePO4 material [16-18]. Furthermore, the doped 
element in the lattice structure can act as a pillar to prevent the collapse of the crystal structure 
during the charge/discharge process, which is indicative of good electrochemical performance 
[19, 20].  
Generally speaking, there are two types of doping: at the lithium site (M1), and at the iron site 
(M2). However, in some cases, the exits of an immobile element doping at M1 site probably 
block the diffusion channel of the Li ion [21]. Consequently, doping at the M2 site might be a 
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better choice for enhancing Li ion diffusion. For some parameters, including physicoal-chemical 
properties, the amount of the doping element and the ionic radius must be taken into 
consideration. However, Nazar et al. report that the improved electrical conductivity is caused by 
the formation of a conductive film of Fe2P on the doped samples, and not the doping element 
[22]. Also, theoretical studies indicate that element doping on LiFePO4 is not useful [23], since 
LiFePO4 has a one-dimensional Li ion diffusion pathway [24, 25] and also because the large 
amount of an unmoving doped element at the M1 site may block the channel for Li ion diffusion 
and decrease electrochemical performance [26, 27]. However, various doping elements, such as 
Ti [9], Cu [10], La [18], Ru [19], Zn [20], Co [28], Na [29], V [30], Mg [31], etc, have been 
proposed to improve the electrochemical performance of LiFePO4. 
Up to now, the effect of platinum on the structure and electrochemical properties of LiFePO4 has 
not been reported. In this paper, Pt-doped LiFePO4 material is synthesised using the sol-gel 
method, and the effect of Pt doping on the structure and electrochemical properties of LiFePO4/C 
is investigated. 
5.2.2 Experimental 
5.2.2.1 Synthesis of materials  
The LiFePO4 and LiFe0.96Pt0.04PO4 samples were synthesised using the sol-gel method. The 
precursor materials were Li(CH3COO) (lithium acetate, Alfa Aesar), Fe(NO3)3.9H2O (iron 
nitrate, Sigma Aldrich), H2PtCl6.6H2O (hexachloroplatine, Alfa Aesar), H3PO4 (phosphoric acid, 
Anachemia), and C2H4O3 (glycolic acid, Sigma Aldrich). For the synthesis of the LiFePO4 
sample, phosphoric acid was diluted in distilled water and metal precursors were added to the 
solution while stirring, until completely dissolved. The solution was mixed slowly with glycolic 
acid and the pH was adjusted to fall in the 8.5 to 9.5 range using ammonium hydroxide. The 
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solution was heated at 90
◦
C while stirring, until a gel formed under a nitrogen atmosphere. After 
drying at 120
◦
C in a vacuum oven for 48 h, the sample was annealed at 500
◦
C for 10 h in a 
nitrogen flow to obtain LiFePO4 powders. For the synthesis of the LiFe0.96Pt0.04PO4 sample, 4 
mol % of the iron nitrate was replaced by 4 mol % of hexachloroplatine. Finally, the pre-
synthesised LiFePO4 and LiFe0.96Pt0.04PO4 samples were mixed with sucrose as the carbon source 
in a 70:30 weight ratio, followed by calcination at 700
◦
C for 5 h in a nitrogen atmosphere to 
obtain a LiFePO4/C and LiFe0.96Pt0.04PO4/C composite.   
5.2.2.2 Materials characterisation 
The crystal structure and cell parameters of the samples were identified using an X-ray 
diffractometer (Philips X’pert) with CuKα radiation (λ=1.54056 A°). The oxidation states of the 
Fe  and  Pt  ions  were  analysed  by X-ray  photoelectron  spectroscopy  (VG ESCALAB 3 
MKII) with an Al Kα radiation source (hν=1486.6 eV). The data were calibrated with respect to 
the C Celgard 2400 1s peak at a fixed value of 285.0 eV. The morphology and particle size were 
examined by scanning electron microscopy (JSM-7600TFE). The carbon content of the samples 
was measured by carbon analyzer (LECO Co., CS 400). 
5.2.2.3 Electrochemical characterisation 
The composite cathode materials for the electrochemical tests were prepared by mixing 80% 
active material, 10% carbon black (Super C65-Timcal), and 10% poly vinylidene fluoride 
(PVDF) in N-methyl-2-pyrrolidone solvent. Then, the slurry was used to coat an aluminium foil 
current collector using the doctor blade technique and dried in vacuum oven overnight. The dried 
electrodes, with an area of 1.77 cm
2
 and containing 2-4 mg of active materials, were used as the 
cathode material in the cells. The cells (2032) were assembled in an argon-filled glove box with 
lithium metal as the anode (as the counter and reference electrodes), and a Celgard 2400 
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separator. LiPF6 (1M) in a 1:1 volume ratio of ethylene carbonate to dimethyl carbonate (LP30 
from Merck) was used as the electrolyte. The charge/discharge test and cycling stability test were 
performed at different current rates over a 2.5-4.2V voltage range with the Solartron battery test 
analyser. Cyclic voltammetry (CV) was carried out using PAR273A in the potential ranges of 
2.5-4.2V (vs. Li/Li
+
) with scan rates of 0.1 mVs
-1
. The electrochemical impedance spectrum 
(EIS) measurements were taken using the Solartron 1260 in a frequency range of 0.01Hz-1mHz 
at the discharge status of the cells. 
5.2.3 Results and discussion 
The XRD patterns for the LiFePO4 and LiFe0.96Pt0.04PO4 samples are shown in Figure 5-8. For 
both samples, the main diffraction peaks identify a single phase of LiFePO4 olivine structure 
indexed by an orthorhombic space group of Pmnb (JCPDS 40-1499). The impurity phases, such as 
Li3PO4 and Fe2P, were not detected for either sample. Li3PO4 has usually been reported as an  
 
Figure  5-8: XRD patterns of LiFePO4 and doped LiFe0.96Pt0.04PO4 samples 
80 
 
impurity in doped LiFePO4 samples, which reduces electrochemical performance [9, 14, 32]. For 
the LiFe0.96Pt0.04PO4 samples, we observe an increase in the intensities of the diffraction peaks, 
indicating that platinum doping enhances the degree of crystallinity. Particles with well-shaped 
crystallinity are essential for enhancing the electrochemical performance of LiFePO4 materials 
[2]. Considering the proper degree of crystallinity, the LiFe0.96Pt0.04PO4 sample is expected to 
show enhanced electrochemical performances compared with LiFePO4, which we explain in the 
electrochemical results section. 
The lattice parameters of the samples, which were calculated from XRD patterns using Topas 
software, are summarized in Table 5-3. Owing to the Pt doping, the lattice parameters expand 
and the cell volume increases, indicating that the Pt has been successfully doped into the 
LiFePO4 phase. Since the ionic radius of Pt
2+
 is larger than that of Fe
2+
, it is reasonable that the 
lattice parameters increase with the doping of Pt
2+
 at the Fe
2+ 
site. The expansion of the lattice 
parameters provides more space for Li ion diffusion and facilitates the movement of Li ions 
through the structure of the LiFePO4 material during the intercalation and de-intercalation 
process. As a result, the electrochemical performance of the LiFePO4 material is enhanced [9, 16, 
17]. 
Table  5-3: The lattice parameters of both samples from XRD data 
Sample a(Å) b(Å) c(Å) V(Å
3
) 
LiFePO4 10.32408 6.00286 4.69050 290.689 
LiFe0.96Pt0.04PO4 10.32643 6.00533 4.69210 290.974 
 
XPS analysis is a powerful technique for investigating the oxidation states of Fe and Pt for the 
LiFePO4 and LiFe0.96Pt0.04PO4 samples. XPS spectra in a wide range of binding energies are 
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shown for the two samples in Figure 5-9. The peaks corresponding to Fe 2p, O 1s, P 2p, and C 1s 
were detected for both samples, and are labeled as such in Figure 5-9. The binding energy for the 
Li 1s peak is overlapped by the Fe 3p peak (56 eV), which indicates that its binding energy and 
the approximation of the content of the element were prevented. It is worth noting that the Pt 4f 
peak was observed for the LiFe0.96Pt0.04PO4 sample, as illustrated in Figure 5-9, confirming the 














Figure  5-9: XPS spectra of LiFePO4 and LiFe0.96Pt0.04PO4 samples 
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Figure 5-10(a) shows the high resolution spectrum for the Pt 4f peak for the LiFe0.96Pt0.04PO4 
sample. It contains a doublet with binding energies of 72.4 eV and 75.5 eV, corresponding to the 
Pt 4f7/2 and Pt 4f5/2 lines respectively, and determining that the oxidation state of Pt in the 
doped sample is +2 [33]. This reveals that Pt
4+
 ions are partly changed into Pt
2+ 
during the 
synthesis of the material, since the Pt precursor was in Pt
4+
 status. However, the ionic radius of 
Pt
2+ 
(80Å) is larger than that of Pt
4+ 




 with its larger 
ionic radius, it can expand the lattice parameters and enlarge the cell volume, which is 
compatible with the XRD result. In order to investigate the effect of Pt doping on the binding 
energy and oxidation state of Fe, the high resolution spectra of the Fe 2p peak for the two 
samples were compared, as shown in Figure 5-10(b). The LiFePO4 samples contain Fe 2p3/2 
(710.9 eV) and Fe 2p1/2 (724 eV) peaks, indicating that the oxidation state of the Fe is +2 [28, 
34]. For the doped sample, the Fe 2p3/2 (710.6 eV) and the Fe 2p1/2 (724 eV) peaks show a little 
shift in comparison with those of the LiFePO4 sample, but Pt doping does not significantly 




Figure  5-10: (a) XPS core level of Pt 4f for LiFe0.96Pt0.04PO4 sample. (b) XPS core levels of Fe 
2p for both samples 
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Figure 5-11 illustrates the SEM images of the LiFePO4 and LiFe0.96Pt0.04PO4 samples. The 
LiFePO4 materials consist of small homogenous particles 100-500 nm in size, as shown in Fig. 
5-11(a,b). As can be seen in Figure 5-11(c,d), the LiFe0.96Pt0.04PO4 particles are more 
homogeneous, and a more uniform particle in terms of size distribution is achieved for the doped 
samples. The size of the particles for the doped sample is in the 100-200 nm range. The 
noticeable change in terms of refining and homogenising the size of the particles could be related 
to the presence of Pt during synthesis in the doped sample. The use of small, homogeneous 
particles is a known strategy for improving the electrochemical properties of the LiFePO4 
material, because of the short diffusion path of the Li ions during the redox reaction [8, 11, 35, 










Figure  5-11: Low magnification and high magnification SEM images of LiFePO4 (a,b), and 
LiFe0.96Pt0.06PO4 (c,d) samples 
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Figure 5-12 compares the discharge curves of the LiFePO4/C and LiFe0.96Pt0.04PO4/C samples at 
different C-rates. The LiFePO4/C sample shows a flat voltage plateau at around 3.4 V at low 




 redox process between FePO4 and 



















We can see that the discharge capacity of the LiFePO4/C sample was strongly affected by the C-
rate.  The LiFePO4/C sample achieves the specific capacity of 164, 150, 120, and 105 mAh/g at 
the rates of 0.2C, 1C, 5C, and 10C respectively. The discharge capacity for the 
LiFe0.96Pt0.04PO4/C sample increases to 166, 156, 142, and 140 mAh/g at rates of 0.2C, 1C, 5C, 
and 10C, respectively. Furthermore, the LiFe0.98Pt0.02PO4/C sample shows flatter plateaus than 
the LiFePO4/C sample at high current rates, which confirms the lower polarization for the doped 
sample. The content of the remaining carbon for both samples was around 6.8 wt % which 
measured by carbon analyzer (LECO). The increase in specific capacity can be related to the 
enhanced mobility of the Li ion for the doped sample. As shown in Table 5-3, Pt doping causes 
enlargement and expansion of the lattice parameters, providing more space for the transfer of Li 
ions and facilitating Li ion
 
diffusion into the LiFePO4 structure, which is consistent with other 
reports [9, 16, 29]. Therefore, the Li ion movement in the LiFePO4 structure is faster, resulting in 
increased discharge capacities. Also, the uniform particle size distribution could offset the barrier 
to the sluggish charge transport of phosphate [2] and would enhance the utilisation ratio of the 
active materials, improving electrochemical performance. This is attributed to the refinement of 
the particle size of LiFePO4 materials and which we observed in the SEM results for the doped 
sample. 
Figure 5-13 shows the CV curves of the LiFePO4/C and LiFe0.96Pt0.04PO4/C samples at a 
scanning rate of 0.1 mV/s over a voltage range of 2.5-4.2 V. For both samples, the clear 




 in LiFePO4 [10]. 
However, the LiFe0.96Pt0.04PO4/C sample shows sharper and larger redox peaks with higher 
current, which can be attributed to an improvement in the Li ion’s diffusion velocity. Also, the 
potential separation between the oxidation-reduction peaks in the LiFe0.96Pt0.04PO4/C sample is 
86 
 
smaller than that in the LiFePO4/C sample, suggesting lower polarization and better reversibility 
for the electrochemical reaction. 
 
Figure  5-13: The CV curves of LiFePO4/C and LiFe0.96Pt0.04PO4/C samples at the scanning rate 
0.1 mV/s 
The details of the potential values and the peak current density of the redox reactions from the 
CV results are listed in Table 5-4. The well-defined peaks and the potential separation of the 
smaller peaks suggest that the electrochemical properties are improved by Pt doping. 
Table  5-4: The oxidation peak potential (Eox), the reduction peak potential (Ered), potential 
separation (ΔE) and current density of redox reactions for the CV result in Figure 5-13 
 





LiFePO4/C 3.60 3.30 0.30 1.40 1.15 
LiFe0.96Pt0.04PO4/C 3.55 3.32 0.22 1.63 1.33 
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For further electrochemical investigation, EIS was carried out for the two samples in the full 
discharge state of the cells, as shown in Figure 5-14. Both samples exhibit a depressed semicircle 
in the high frequency region and a straight line in the low frequency region. An intercept at high 
frequency at the Z' axis corresponds to the resistance of the electrolyte (Re). The numerical value 
of the diameter of the semicircle on the Z' axis in the middle frequency range is attributed to the 
charge transfer resistance (Rct). The straight line in the low frequency range indicates the 
presence of Warburg impedance (Zw), which is associated with Li ion diffusion. The CPE 
represents the double layer capacitance and passivation film capacitance. An equivalent circuit is 
used to fit the impedance spectra, as shown in the inset in Figure 5-14.   
 
Figure  5-14: EIS spectra of LiFePO4/C and LiFe0.96Pt0.04PO4/C samples. The inset shows an 




The fitted impedance parameters are listed in Table 5-5. The charge transfer resistances (Rct) of 
the LiFePO4/C and LiFe0.96Pt0.04PO4/C samples are 52.27 Ω and 15.00 Ω respectively. The 
charge transfer resistance correlates to the reaction between the active materials and the 
electrolyte [37, 38]. The smaller resistance shows a greater possibility of Li ion movement and 
electron transfer on the electrode materials, so that a decrease in charge transfer resistance is 
beneficial during the intercalation/de-intercalation process, and enhances electrochemical 
performance [39]. Therefore, the electrochemical properties of LiFePO4/C can be improved by Pt 
doping, which is consistent with the CV results. 
Table  5-5: Impedance parameters of samples based on the equivalent circuit as inset in the 
Figure 5-14 
Sample Re(Ω) Rct(Ω) CPE1 
LiFePO4/C 5.67 52.27 0.6 
LiFe0.96Pt0.04PO4/C 4.68 15.00 0.7 
 
The cycling stability of the LiFePO4/C and LiFe0.96Pt0.04PO4/C samples at different C-rates is 
shown in Figure 5-15. The cells for both samples were charged at a constant current of 1C 
between 2.5-4.2 V, and discharged at different C-rates. For the LiFe0.96Pt0.04PO4/C sample, we 
observed no obvious capacity fading over cycling at different rates, even at 10 C, which indicates 
good cycling performance and rate capability. But, for the LiFePO4/C sample, a little capacity 
loss is observed at a high rate. Globally, the better electrochemical properties and cycling 
performance for the doped sample is attributed to good crystallinity, expansion of the lattice 




















The structural and electrochemical properties LiFePO4/C and LiFe0.96Pt0.04PO4/C nanocomposite 
cathode materials prepared using the sol-gel method were investigated. Pt doping caused lattice 
expansion and cell volume enlargement, providing more space for the movement of Li ions and 
facilitating Li ion
 
diffusion into the LiFePO4 crystal structure. In addition, a uniform particle size 
distribution was observed for the Pt-doped sample. The improvement in electrochemical 
performance can be attributed to lattice parameter expansion, uniform particle distribution, and 
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CHAPTER 6 ARTICLES 4 AND 5: SUMMARY OF DOPING WITH 
HYDROTHERMAL METHOD 
 
This chapter consists of the following two publications;  
 
1. Synthesis and characterization of palladium doped LiFePO4/C  nano composites using 
hydrothermal method for Li-ion batteries application 
 
2. Enhancement of electrochemical properties of Platinum doped LiFePO4/C cathode 
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Abstract  
LiFe1-xPdxPO4 (x = 0.00, 0.02, 0.04) nano-composite cathode materials were synthesized using 
hydrothermal method. The samples were characterized by XRD, SEM, BET, XPS, and their 
electrochemical properties were investigated using discharge capability, cyclic voltammetry 
(CV) and electrochemical impedance spectroscopy (EIS). The XRD and XPS results indicate 
that the palladium has been successfully doped into the LiFePO4 structure. The results indicate 
that the optimized palladium doping reduces the particle size and facilitates the Li-ion diffusion, 
improving the electrochemical properties of LiFePO4. Electrochemical results show that the 
LiFe0.98Pd0.02PO4/C sample delivers the discharge capacity of 167, 159, 130, 93, 70 mAh/g at 
0.1C, 0.2C, 1C, 5C and 10C rates, respectively. In comparison the discharge capacity of the non-
Pd-doped LiFePO4/C sample is smaller and is respectively 117, 104, 83, 63 and 47 mAh/g for 
the corresponding rates. However, by increasing the palladium content, the electrochemical 
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performances decrease due to the formation of Li3PO4 impurity and the difficulty of the Li-ion 
diffusion during the redox reaction. 
Keywords: LiFePO4/C, hydrothermal method, palladium doping, lithium ion diffusion. 
6.1.1 Introduction 
Since the first paper on the utilization of LiFePO4 as cathode material Li-batteries in 1997[1], it 
has attracted much attention as a candidate for new generation of Li-ion batteries due to its good 
thermal stability, being environmentally friendly and inexpensive [1-3]. However, LiFePO4 
suffers from its low electronic conductivity and poor Li
+
 diffusion mobility, resulting in a low 
rate capability [1]. Various efforts have been proposed to solve its drawbacks such as coating 
with conductive carbon layer [4, 5], decreasing the size of particles [6, 7] and doping with some 
elements [8, 9]. It has been proved that a uniform carbon coating and the particles size 
minimizing are effective methods for improving the electrochemical performance of LiFePO4 
materials [3-5, 10]. However, there are controversial results about the effect of element doping 
[3, 11]. Nazar et al. reported that increasing the electrical conductivity is due to the Fe2P 
conductive film for the doped samples and is not because of the doping element [11]. Theoretical 
studies reported by Islam’s group [12, 13] and Cedar’s group [14] showed that element doping is 
not favorable since one-dimensional Li diffusion channel might be blocked by dopant element at 
Li site, reducing the Li-ion diffusion rates [15, 16]. Therefore, doping at Fe site can be an 
alternative option to avoid blocking of diffusion channel [17, 18]. 
Despite of these arguments, many studies have reported the improvement of electrochemical 
properties of LiFePO4 by different element doping [18-26]. Doped agent has been confirmed to 
enhance the intrinsic electrical conductivity of LiFePO4 bulk particles [20, 21]. Furthermore, 
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doped element causes lengthening and weakening of Li–O bond with a lower energy barrier due 
to the lattice parameters expansion and enlargement of the cell volume in the LiFePO4 structure, 
facilitating Li
 
ion diffusion and enhancing electrochemical performance [22-24]. In addition, Liu 
and other researchers reported that the doped element in the structure can act as a pillar and 
protect the crystal structure of LiFePO4 material from shrinking and collapsing during 
charge/discharge process, indicating good cycling capability [25-27].  
However, in order to prepare the LiFePO4 material, various methods have been employed such 
as hydrothermal, solid state, sol-gel, solvothermal and etc [28-34]. In addition, many parameters 
including the phase purity, crystal structure, morphology and particle sizes must be controlled 
during the preparation which can affect the electrochemical properties of LiFePO4 material [29-
35].  
We have recently reported the doping of palladium on the LiFePO4 material prepared with sol-
gel method. Nevertheless, the electrochemical performance of LiFePO4 material reduces due to 
the formation of Li3PO4 in the doped samples. In this work, for a comparison, the Pd-doped 
LiFePO4 samples synthesized with hydrothermal method and the effect of palladium on the 
structure and electrochemical properties of materials were examined. 
6.1.2 Experimental 
6.1.2.1 Synthesis of materials 
The starting materials were FeSO4·7H2O, H3PO4 (85 wt. %), LiOH·H2O and Pd (NO3)2.2H2O.  
To synthesize LiFePO4, LiFe0.98Pd0.02PO4 and LiFe0.96Pd0.04PO4 materials via a hydrothermal 
method, a stoichiometric amounts of H3PO4, FeSO4·7H2O and Pd (NO3)2.2H2O were dissolved in 
the mixture of ethylene glycol and deionized water (50/50, v/v) as a reaction medium under 
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magnetic stirring in a nitrogen atmosphere. Hydrazine was added to the mixture as reducing 




. LiOH·H2O was separately dissolved in the 
deionized water and then added to the above mixture dropwise under magnetic stirring in a 
nitrogen atmosphere. The pH of the solution was adjusted to 6 by adding H3PO4. The dissolved 
solutions were mixed together homogeneously with strong stirring. The resulting mixture was 
quickly transferred to a Teflon-lined stainless steel autoclave and sealed and heated at 190 
◦
C for 
6 h. Afterward, it was cooled down to room temperature. The precipitate was obtained by suction 
filtration and washing several times with deionized water and acetone, followed by drying at 70 
◦
C in a vacuum oven for overnight to obtain product. For electrochemical properties evaluation, 
the pre-synthesized samples were mixed with sucrose as carbon source, and annealed at 700 °C 
for 5 h under a nitrogen atmosphere to obtain the LiFePO4/C, LiFe0.98Pd0.02PO4/C and 
LiFe0.96Pd0.04PO4/C composites. Annealing were done in order to carbonize the sucrose 
completely and to increase the crystallinity of the samples. 
6.1.2.2 Material characterization 
The crystal structure of samples was analyzed using x-ray diffractometer (Philips X’pert) with 
CuKα radiation source (λ=1.54056 A°). The oxidation state information of Fe and Pd ions was 
investigated using x-ray photoelectron spectroscopy (VG ESCALAB 3 MKII) with Al Kα 
radiation source (hν=1486.6 eV). The data were calibrated using P2p3/2 peak at value of 133.8 
eV. The morphology of samples was observed by scanning electron microscope (JSM-
7600TFE). The specific surface area of samples was obtained by Brunauer-Emmett-Teller (BET) 
technique (Autosorb-1, Quantachrome instruments) with nitrogen as adsorption gas. The carbon 
content of the samples was determined using C-detctor (LECO Co., CS 400). 
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6.1.2.3 Electrochemical characterization 
The cathode electrodes were prepared by mixing active material with carbon black (Super C65-
Timcal) and poly vinylidene fluoride (PVDF) in a weight ratio of 80:10:10 in N-methyl-2-
pyrrolidone solvent to obtain homogeneous slurry and then the slurry was coated onto aluminum 
foil using Doctor-blade technique. Then, the coated film was dried in a vacuum oven for 
overnight and cut into circles with diameter of 15 mm as cathode side. The electrochemical 
measurements were carried out with CR2032 cells. The lithium metal was used as anode; and 
electrolyte was 1 molL
-1
 LiPF6 in ethylene carbonate-dimethyl carbonate (EC/DMC, 1:1 by vol) 
and a microporous monolayer polypropylene (Celgard 2400) as separator. The cells were 
assembled in the argon-filled glove box. Charge/discharge test at various rates were performed 
between 2.5 and 4.2V (vs. Li/Li
+
) on Solartron battery test analyzer and Cell test software. 
Cyclic voltammetry (CV) studies were carried out using PAR273A in the potential ranges of 2.5-
4.2V (vs. Li/Li
+
) at scan rates of 0.1 mV/s. The electrochemical impedance spectrum (EIS) 
measurements were performed in frequency range of 0.01 Hz-1 mHz at discharge status of all the 
cells. All the electrochemical measurements were performed at ambient temperature. 
6.1.3 Results and discussion 
The XRD patterns of the LiFePO4, LiFe0.98Pd0.02PO4 and LiFe0.96Pd0.04PO4 samples are shown in 
Figure 6-1(a). For all the samples, the main diffraction peaks can be indexed to a LiFePO4 phase 
with an orthorhombic structure, space group of Pmnb according to JCPDS #40-1499. However, as 
shown in Figure 6-1(b), the LiFe0.96Pd0.04PO4 sample contains unwanted phase of Li3PO4 
impurity because of high Pd concentration and unfavorable results appear as reported in our 
previous work [36]. Li3PO4 is usually reported as impurity phase in doped LiFePO4 samples [3, 
9] and reduces the electrochemical performance of LiFePO4 because of acting as inactive and 
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inert mass [37, 38]. The refined lattice parameters were calculated and are shown in Figure 6-2. 
As show in Figure 6-2, the b and c lattice parameters and the cell volume decrease linearly when 
the Pd content in the sample increases. In contrary the a parameter increases with the Pd content. 
 
Figure  6-1: (a) XRD patterns of LiFePO4, LiFe0.98Pd0.02PO4 and LiFe0.96Pd0.04PO4 samples, and 








The comparison of the lattice parameters of the LiFePO4 nano composites to those of LiFe1-
xPdxPO4 based electrodes indicates that palladium has been successfully doped into the LiFePO4 





 during the de-intercalation process of Pd and shrinks the structure, consequently, 
collapsing the lattice parameters and limiting Li-ions diffusion [27]. However, the lattice 
parameters might be also prevented from shrinking by Pd-doped due to the unchangeable radius 
of Pd
2+
. Therefore, the Pd-doped in the structure may act as a pillar to prevent the shrinking and 
collapse, stabilizing the crystal structure during the intercalation/ de-intercalation process of Li
+
 
ions [25-27]. Getting one of these two types of structures of the doped samples may depend on 
their Pd content. 
Figure 6-3 shows the XPS spectrum within a wide range of binding energy for various samples. 
The peaks related to Fe 2p, O 1s, P 2p and C 1s were detected for all samples, as labeled in the 
Figure 6-3. The binding energy for the Li 1s peak is overlapped with Fe 3p peak (56 eV). 
Therefore, the investigation of its binding energy and estimation of the element content were not 
allowed. It is worthy to note that the Pd 3d peak was observed for the Pd-doped samples as 
illustrated in Fig 6-3(b,c), confirming the existence of Pd in the samples.  
Figure 6-4(a) presents the high resolution Pd 3d spectra for both Pd-doped samples. As shown, 
the intensity of Pd 3d spectrum of LiFe0.96Pd0.04PO4 sample is almost two times larger than the 
LiFe0.98Pd0.02PO4 sample, indicating that Pd
2+
 ions exist in the samples. In both samples, Pd 3d 
contains a doublet with binding energies of 336.1 eV and 341.1 eV which are ascribed to the Pd 
3d5/2 and Pd 3d3/2 lines, respectively, indicating that the oxidation state of Pd in the doped 
samples is +2 [39]. In order to study the effect of Pd doping on the oxidation state and binding 
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energy of Fe, the high resolution Fe 2p spectra for all the samples were compared, as shown in 

























All the samples have two doublet peaks of Fe 2p3/2 and Fe 2p1/2 with binding energies of 711 
eV and 724.6 eV, indicating that the oxidation state of the Fe is +2. These results are in 
agreement with other reports [9, 36]. The comparison of the binding energies of Fe in LiFePO4 
based electrode and in Pd-doped samples shows no noticeable change in the binding energies of 
the main peaks of Fe. For the Pd-doped samples Figure 6-4(a) shows no change in the binding 
energies of Pd. These results show that the Pd doping does not considerably change the chemical 
valence of Fe
2+
 which is in consistence with our previous work [36]. 
 
Figure  6-4: (a) XPS core level of Pd 3d for Pd-doped samples and (b) XPS core level of Fe 2p 
for all samples 
 
Figure 6-5 illustrates the SEM images of the samples. The particle size of LiFePO4 powder was 
around 1-5 μm in length and 400-900 nm in width. LiFe0.98Pd0.02PO4 sample consists of uniform 
and homogeneous individual particles with sizes of around 1-3 μm in length and 200-600 nm in 
width as shown in Figure 6-5(b). However, by increasing the Pd concentration, the particles 
became  irregular flake shape with the similar sizes of around 1-5 μm in length, 200-600 nm in 
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width and a little agglomerated, as shown in Figure 6-5(c). However, the surface area of the 
LiFe0.98Pd0.02PO4 powder was larger than that of the LiFePO4 powder, as listed in Table 6-1.  
 
Figure  6-5: SEM image of a) LiFePO4, b) LiFe0.98Pd0.02PO4 and c) LiFe0.96Pd0.04PO4 samples 
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But, for LiFe0.96Pd0.04PO4 sample which has a higher Pd content than LiFe0.98Pd0.02PO4, its BET 
surface area is lower. This is probably due to the presence of Li3PO4 impurity in the 
LiFe0.96Pd0.04PO4 sample as indicated above from XRD results shown in Figure 6-1. Normally, 
the particles should have the morphologic features of uniform dispersion, regular particles with 
small size, homogeneity and large surface area to obtain an excellent electrochemical discharge 
performance [13, 30-32].  A decrease in particle size leads to an increase in specific surface area 
for more reaction and reduces the Li-ion diffusion distance during the intercalation/de-
intercalation process [13, 32]. Therefore, a better electrochemical discharge performance is 
expected for the LiFe0.98Pd0.02PO4 sample which exhibited small and uniform particle sizes.  
 
Table  6-1: BET results of LiFePO4, LiFe0.98Pd0.02PO4 and LiFe0.96Pd0.04PO4 







Figure 6-6 illustrates the discharge capacity curves of LiFePO4/C, LiFe0.98Pd0.02PO4/C and 
LiFe0.96Pd0.04PO4/C samples at various C-rates between 2.5 and 4.2 V. Both of LiFePO4/C and 
LiFe0.98Pd0.02PO4/C samples show a wide and flat voltage plateau around 3.4 V at 0.1C rate, 
indicating two phase redox reactions between FePO4 and LiFePO4 [1]. However, in the case of 
LiFe0.96Pd0.04PO4/C sample, the flat voltage plateau becomes sloping, probably due to the 
presence of some Li3PO4 impurity phase. LiFePO4/C sample delivers the specific capacities of 




Figure  6-6: Discharge curves of LiFePO4/C, LiFe0.98Pd0.02PO4/C and LiFe0.96Pd0.04PO4/C samples 
at various rates 
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In contrary, from Figure 6-6, we can determine that LiFe0.98Pd0.02PO4/C sample exhibits the best 
discharge performance than LiFePO4/C sample. The discharge capacities of LiFe0.98Pd0.02PO4/C 
are 168, 159, 130, 93 and 70 mAh/g at 0.1C, 0.2C, 1C, 5C and 10C, respectively. However, by 
increasing the Pd content in the sample LiFe0.96Pd0.04PO4/C, the discharge capacity decreased to 
150, 122, 104, 84 and 63 mAh/g at 0.1C, 0.2C, 1C, 5C and 10C, respectively. This is probably 
due to the presence of Li3PO4 impurity in the LiFe0.96Pd0.04PO4/C sample. Li3PO4 impurity may 
act as inert and inactive mass to prevent the transfer of electrons and Li
+
 ions during the redox 
process of LiFePO4, consequently, reducing the electrochemical performance [37, 38]. It is 
obvious that the LiFe0.98Pd0.02PO4/C sample exhibits good electrochemical properties, which can 
be interpreted as the enhancement of Li-ion diffusion due to the appropriate amount of Pd doping 
of this sample. The optimized Pd-doped might act as a pillar to prevent the shrinking and 
collapse of lattice structure, stabilizing the crystal structure during the intercalation /de-
intercalation process of Li
+ 
[25, 27]. Another possibility can be related to small and uniform 
particle sizes and/or high surface area of of LiFe0.98Pd0.02PO4/C sample. These characteristics 
may favor the Li
 
ion diffusion during the redox reaction and the increase of the electrochemical 
rate [29-31]. In all three samples, the carbon contents in the final cathode materials were ~ 6.5 
wt%. 
Cyclic voltammetry measurements were carried out to study the characteristics of the redox 
reactions for the various samples as shown in Figure 6-7. For each sample, both of oxidation and 





couple during the Li
+
 insertion/extraction process. Among the samples, LiFe0.98Pd0.02PO4/C 
illustrates the best electrochemical properties, with the highest peak current and the narrowest 
potential separation (0.265 V) between the anodic and the cathodic current peaks. The potential 
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separation between the anodic and the cathodic peaks for the LiFePO4/C and LiFe0.96Pd0.04PO4/C 
samples are 0.288 V and 0.273 V, respectively. This is in agreement of the report in [40] which 
has shown clearly that the potential separation demonstrates potential polarization of the active 
material during charge and discharge process. Therefore the lower potential separation obtained 
with the LiFe0.98Pd0.02PO4/C sample support a better reversibility in the electrochemical reaction 
during the charge-discharge process of the cell in comparison to those of LiFePO4/C and 
LiFe0.96Pd0.04PO4/the based electrodes. 
 
Figure  6-7: CV curves of LiFePO4/C, LiFe0.98Pd0.02PO4/C and LiFe0.96Pd0.04PO4/C samples at 
scanning rate of 0.1 mV/s 
 
EIS was carried out for further investigation of effect of Pd doping on the electrochemical 
properties of the samples. Before EIS tests, all the cells were discharged from 4.2 to 2.5V. Figure 
6-8 shows the Nyquist plots of samples at room temperature. All the samples have a depressed 
semicircle in the high frequency region and an inclined line in the low frequency region.  An 
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intercept on the Z' axis at the high frequency indicates the resistance between the electrolyte and 
electrode (Re). The numerical value of diameter of the semicircle on the Z' axis represents the 
charge transfer resistance (Rct). The straight line at lower frequency is associated with the Li
+
 
diffusion resistance into the bulk of the materials, namely the Warburg impedance [40]. The 
interpretation of the impedance spectra is based on a simplified equivalent circuit model as 
shown in the inset of Figure 6-8. The constant phase element represents the double layer 
capacitance (CPE). As shown in Figure 6-8, the Rct values of LiFePO4/C, LiFe0.98Pd0.02PO4/C 
and LiFe0.96Pd0.04PO4/C are 74.67, 35.78 and 147.92 Ω, respectively. It is obvious that there is a 
significant decrease in Rct after optimized Pd doping. The smaller Rct is beneficial to get a fast 
kinetic reaction during the redox process, and helps to get a better electrochemical performance 
[9]. It is well known that the slope of the straight line of the EIS curve is proportional to the Li
+
 
diffusion coefficient [40]. Accordingly from the slope of the straight lines of these curves shown 
in Figure 6-8, the Li
+
 diffusion coefficient for the LiFe0.98Pd0.02PO4/C is higher than those of 
LiFePO4/C and LiFe0.96Pd0.04PO4/C samples. This might be due to the pillar effect of optimized 
Pd
2+
 doping in the crystal structure during the intercalation/ de-intercalation process. Therefore, 
the LiFe0.98Pd0.02PO4/C sample provides better kinetic response and electrochemical 










Figure  6-8: The Nyquist plots of LiFePO4/C, LiFe0.98Pd0.02PO4/C and LiFe0.96Pd0.04PO4/C 
samples in the frequency range of 0.01 Hz-1 mHz 
 
Figure 6-9 shows the cycling capability of LiFePO4/C, LiFe0.98Pd0.02PO4/C and 
LiFe0.96Pd0.04PO4/C samples in various discharge current rates. All the cells were charged at 
constant current rate of 1C between 2.5 and 4.2V and discharged at various current rates. It can 
be observed from Figure 6-9 that no obvious capacity fading is observed for the LiFePO4/C and 
LiFe0.98Pd0.02PO4/C samples at various discharge current rates. The good cycling behavior for the 
LiFe0.98Pd0.02PO4/C sample might be attributed to the pillar effect of optimized Pd
2+
 doping, 
stabilizing the crystal structure during the cycling process. However, a large capacity loss is 
observed in the LiFe0.96Pd0.04PO4/C sample in all the current rates due to existence of Li3PO4 
impurity phase and difficulty of Li
+




Figure  6-9: Cycling performance of LiFePO4/C, LiFe0.98Pd0.02PO4/C and LiFe0.96Pd0.04PO4/C 





LiFePO4/C and Pd-doped LiFePO4/C were successfully synthesized via hydrothermal method 
and the effect of Pd content on the structure and electrochemical properties of LiFePO4/C were 
investigated. Among the samples, LiFe0.98Pd0.02PO4/C demonstrates the best electrochemical 
performance with discharge capacities of 168, 159, 130, 93 and 70 mAh/g at 0.1C, 0.2C, 1C, 5C 
and 10C, respectively. However, by increasing the Pd content, the electrochemical performance 
reduces due to the existence of Li3PO4 impurity phase in the LiFe0.96Pd0.04PO4/C sample. The 
optimized Pd doping exhibits uniform particles. This improves the reversibility of lithium 
intercalation and de-intercalation. The charge transfer resistance decrease and the rate of the Li-
ion diffusion increases for sample LiFe0.98Pd0.02PO4/C. This is attributed to the small uniform 
particles and the pillar effect of Pd in this sample which prevents the shrinking and collapse of 
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Abstract 
The Pt-doped LiFePO4/C cathode material synthesized for the first time. LiFePO4 and 
LiFe0.96Pt0.04PO4 composites were synthesized using hydrothermal method. The physical and 
chemical properties of samples were characterized by XRD, XPS, SEM and BET. For 
electrochemical properties investigation, the samples were mixed with sucrose as carbon source, 
and calcined at 700 °C for 5 h. The XRD results showed that the platinum has been successfully 
doped into the LiFePO4 bulk structure. The XPS results indicated that platinum doping does not 
change the chemical state of Fe (II). The SEM and BET results showed that platinum doping 
reduces the size of the particles. The electrochemical characterization of the electrodes using 
discharge capacity, cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 
showed that the Li-ion cell based on LiFe0.96Pt0.04PO4/C electrode exhibited better charge 
/discharge performance than those of LiFePO4/C sample. The LiFe0.96Pt0.04PO4/C based cell 
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delivered the specific capacity of 168, 162, 135, 120 and 102 mAh/g at 0.1C, 0.2C, 1C, 5C and 
10C, respectively, in comparison with 117, 104, 83, 63 and 47 mAh/g for the  LiFePO4/C cell. 
Keywords: LiFePO4, hydrothermal method, platinum doping. 
6.2.1 Introduction 
For the past two decades, Li-ion battery has attracted much attention for powering portable 
electronic devices considering its combination of high power and energy density, long cyclic life, 
and stability [1, 2]. Conventionally, LiCoO2 with capacity of 140 mAh/g is being used as cathode 
material in commercial Li-ion batteries. However, LiCoO2 has its own drawbacks such as the 
limited abundance in nature, the toxicity issue and the high cost [2]. LiFePO4 has been suggested 
as a promising candidate to replace LiCoO2 as a cathode material for the next generation Li-ion 
batteries. LiFePO4 has distinctive features of high theoretical capacity (170 mAh/g), high 
discharge potential (~3.45 V vs Li
+
/Li), excellent thermal stability, low cost and being 











), limiting its application in 
large devices [5, 6]. To solve these drawbacks, progressive strategies have been employed such 
as coating particles with a conductive carbon layer [7, 8], reducing the particle sizes [9, 10], and 
doping with guest elements [11-13].  
Among these strategies, particle size reduction and carbon coating have proven to be effective 
methods for improving the electrochemical performance of LiFePO4 material, due to their 
contribution to decreasing the diffusion path length with a larger surface area for more reaction 
and the enhancement of electronic conductivity of surface of LiFePO4 material [8, 9, 14, 15]. 
However, there are controversial results about the doping element strategy [16-18]. The 
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enhancement in the intrinsic electrical conductivity of bulk of LiFePO4 material through doping 
has been reported [16, 19-21]. Nevertheless, incorporation of element doping causes formation 
of impurities and influences the electrochemical features of LiFePO4 material. Some impurities 
such as Fe2P conductive film and Li4P2O7 improve the electrochemical performance while some 
impurities likes insulating Li3PO4 deteriorate the performance drastically. [14, 17, 22-24]. In 
addition, the theoretical studies proposed that doping is not favorable [25]. Despite of these 
arguments, many reports indicate enhancement of electrical conductivity and electrochemical 
performance of LiFePO4 by different doped elements [11-13, 19-21, 26-29]. 
LiFePO4 can be synthesized by various methods including solid-state reaction, microwave, sol-
gel, co-precipitation, hydrothermal, solvothermal and etc [30-33]. Among these methods, the 
hydrothermal synthesis, which has some advantages such as simple synthesis process, low 
energy consumption, and morphology controllability, is a useful and efficient method to obtain 
well-crystallized uniform LiFePO4 particles [34-36]. In general, the synthesis method can affect 
the morphology, size of particles, specific surface area, purity and crystal structure of LiFePO4 
material, resulting in different electrochemical properties [15, 33, 36-38].  
We have already reported that the Pt-doped LiFePO4 prepared by sol-gel method can improve the 
electrochemical performance [39]. The effect of the method of preparation was not shown. This 
work reports for the first time the effects of platinum doping on the structure and electrochemical 
properties of LiFePO4 prepared with hydrothermal method. How the Pt doping affects the 




6.2.2.1 Synthesis of materials 
The LiFePO4 and LiFe0.96Pt0.04PO4 samples were prepared by hydrothermal method.  
FeSO4·7H2O, H3PO4 (85 wt. %), LiOH·H2O and H2PtCl6.6H2O were used as raw materials and 
sucrose as carbon source. A stoichiometric amount H3PO4, FeSO4·7H2O and H2PtCl6.6H2O were 
dissolved in the mixture of ethylene glycol and deionized water under magnetic stirring in a 
nitrogen atmosphere. Certain amount of hydrazine as reducing agent was added into the mixture 




. Separately, LiOH·H2O was dissolved in the deionized 
water and then added to the above mixture drop wise under magnetic stirring in a nitrogen 
atmosphere until it was completely dissolved. The pH of the solution was adjusted to 6 by adding 
H3PO4. The resulting homogenous mixture was swiftly transferred to a Teflon-lined stainless 
steel autoclave. The sealed autoclave was then heated at 190 
◦
C for 6 h. Afterwards, the solution 
was cooled down to room temperature. The precipitate was filtered and washed several times 
with deionized water and acetone, followed by drying at 70 
◦
C in a vacuum oven for overnight to 
obtain product. For electrochemical properties investigation, the pre-synthesized sample was 
mixed with sucrose in weight ratio of (70:30) and sintered at 700 °C for 5 h in a nitrogen 
atmosphere to obtain the LiFe0.96Pt0.04PO4/C composite. LiFePO4/C was prepared following the 
same procedure without the addition of H2PtCl6.6H2O precursor. 
6.2.2.2 Material characterization 
The phase purity and crystal structure of the synthesized samples were analyzed using X-ray 
diffractometer (Philips X’pert) with CuKα radiation (λ=1.54056 A°) in 2θ range of 10° to 80°. 
The chemical valence  states of  Fe  and  Pt  were  determined  using x-ray  photoelectron 
spectroscopy  (VG ESCALAB 3 MKII) with  Al Kα radiation source (hν=1486.6 eV). The data 
119 
 
were calibrated by P2p3/2 peak at value of 133.8 eV.  The morphology and particle size of 
samples were observed by scanning electron microscope (JSM-7600TFE). The specific surface 
area of samples was measured by Brunauer-Emmett-Teller (BET) technique (Autosorb-1, 
Quantachrome instruments). The carbon content of the samples was determined using carbon 
analyzer (LECO Co., CS 400). 
6.2.2.3 Electrochemical characterization 
The cathode electrodes were fabricated by mixing of active material, carbon black (Super C65-
Timcal) and poly vinylidene fluoride (PVDF) (weight ratio 80:10:10) in N-methyl-2-pyrrolidone 
to form a slurry. Afterwards, the slurry was coated onto aluminum foil and dried in vacuum oven 
for overnight. The cells (2032) for electrochemical measurement were assembled in the argon-
filled glove box. The lithium metal was used as anode; a microporous polypropylene sheet 
(Celgard 2400, Celgard Inc., USA) was employed as separator, and 1 molL
-1
 LiPF6 in mixture of 
ethylene carbonate-dimethyl carbonate (volume ratio 1:1) was served as the electrolyte. 
Charge/discharge test and cycling properties at different current rates were carried out between 
2.5 and 4.2V (vs. Li/Li
+
) using Solartron battery test analyzer and Cell test software. Cyclic 
voltammetry (CV) was conducted using PAR273A in the potential ranges of 2.5-4.2V (vs. 
Li/Li
+
) with the scan rates of 0.1 mV/s. The electrochemical impedance spectrum (EIS) 
measurement was performed on in frequency range of 0.01 Hz-1 mHz at discharge status of the 
cells. All the electrochemical measurements were carried out at room temperature. 
6.2.3 Results and discussion 
Figure 6-10 shows the XRD patterns of LiFePO4 and LiFe0.96Pt0.04PO4 samples. The main 
diffraction peaks for both samples can be indexed to an orthorhombic olivine-type structure, with 
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a space group of Pmnb, indicating a standard LiFePO4 phase (JCPDS No. 40-1499). No 
observable peaks for impurities phase such as Li3PO4 and Fe2P were detected for the both 
samples. However, the intensity of main diffraction peaks for the LiFe0.96Pt0.04PO4 sample is 
higher and sharper than LiFePO4 sample, indicating better crystallinity for the doped sample 
which might imply crystal growth by platinum contribution.  
 
Figure  6-10: XRD patterns of LiFePO4 (a) and LiFe0.96Pt0.04PO4 (b) samples 
 
The lattice parameters and cell volume of samples were calculated and listed in Table 6-2. These 
results reveal a decrease in the a and c lattice parameters and an increase in the b parameter. This 
results to an overall decrease in the cell volume. The same trend was observed in our previous 
report by palladium doping [24]. The results confirm that platinum has been successfully 
incorporated into the crystal structure of LiFePO4 phase. This increase in the b parameter 
suggests that this doping may provide more space for the Li
+
 ion movement and improves the Li-
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ion diffusion rate. This is in agreement with the results obtained elsewhere with the vanadium 
doped in the bulk of LiFePO4 structure [11]. The Pt doping element may also act as a pillar to 
prevent the shrinking and collapse of the LiFePO4 crystal structure during the intercalation/de-
intercalation process of Li
+
 ions, stabilizing the crystal structure and indicating good cycling 
capability as it has been show previously for other doping agents [28, 29].  
 




The XPS spectrum within a wide range of binding energy for LiFePO4 and LiFe0.96Pt0.04PO4 
samples is shown in Figure 6-11. The peaks related to Fe 2p, O 1s, P 2p and C 1s were clearly 
observed for both samples, as labeled in Figure 6-11. The binding energy for the Li 1s peak is 
overlapped with Fe 3p peak (56 eV). Therefore, determination of its binding energy and 
estimation of the element content were not allowed. The XPS spectra are generally the same, 
except that the Pt 4f peak was observed for the doped sample, indicating the existence of Pt in 
the LiFe0.96Pt0.04PO4 sample. Therefore, it can be confirmed that Pt ions are successfully 
incorporated into the LiFePO4 structure. 
Sample a(Å) b(Å) c(Å) V(Å
3
) 
LiFePO4 10.3419 5.9937 4.7002 291.3533 




Figure  6-11: XPS spectrum of LiFePO4 (a) and LiFe0.96Pt0.04PO4 (b) samples 
 
Further investigation of the oxidation states of Fe and Pt for the samples was carried out by high 
resolution XPS technique. Figure 6-12(a) shows the high resolution Pt 4f spectra for the Pt-
doped sample which contains a doublet of Pt 4f7/2 and Pt 4f5/2 peaks with binding energies of 
72.1 eV and 75.4 eV, respectively, suggesting that the oxidation state of Pt in the doped sample 
is +2. Effect of Pt doping on the oxidation state and binding energy of Fe is shown in Figure 6-
12(b). LiFe0.96Pt0.04PO4 sample contains two doublet peaks of Fe 2p3/2 (711.5 eV) and Fe 2p1/2 
(724.8 eV), demonstrating that the oxidation state of the Fe is +2. It is worthy to note that no 
noticeable change in the binding energies of the main peaks for the LiFe0.96Pt0.04PO4 sample is 
observed in comparison with LiFePO4 sample, indicating that the Pt doping does not 






Figure  6-12: XPS core levels of Pt 4f for LiFe0.96Pt0.04PO4 sample (a). XPS core levels of Fe 2p 
for LiFePO4 and LiFe0.96Pt0.04PO4 samples (b) 
 
The SEM images of the samples are illustrated in Figure 6-13. It can be observed that the 
average particle size of the LiFe0.96Pt0.04PO4 sample is smaller than LiFePO4. The particle size of 
LiFePO4 powder was around 1-5 μm in length and 400-900 nm in width.  However, the Pt-doped 
sample shows more homogeneous and smaller particles with the size of around 1-3 μm in length 
and 100-600 nm in width.  Such reductions in particle sizes can be related to the contribution of 
platinum during the particle growth process in the Pt-doped sample. In addition, the specific BET 
surface areas of sample increase from 5 to 7 m
2
/g after Pt doping. Consequently, the amount of 
surface area for more reaction increases by platinum incorporation. The SEM images of the 
morphology of LiFe0.96Pt0.04PO4 in Figure 6-13 (c; d) shows homogeneous particles with smaller 
size than those of LiFePO4 material (Figure 6-13 (a; b)). The surface area of LiFe0.96Pt0.04PO4 is 
then higher than those of LiFePO4 might be the key point in the improvement of the 
electrochemical properties of this material. Therefore, a better electrochemical performance is 
124 
 
expected for LiFe0.96Pt0.04PO4 sample with homogeneous and small particle sizes as it has 
reported elsewhere on other LiFePO4 cathode materials [9].  
 
Figure  6-13: Low and high magnification SEM images of LiFPO4 (a: x5000; b: x20000) and 
LiFe0.96Pt0.04PO4 (c: x5000; d: x20000) samples 
 
Figure 6-14 shows the discharge capacities at different rates for LiFePO4/C and 
LiFe0.96Pt0.04PO4/C samples. Both samples exhibit the typical flat voltage plateaus around 3.4V, 
indicating the two-phase reaction of LiFePO4 and FePO4 [3]. However, the voltage plateau for 
the doped sample is wider with smaller polarization part (oblique part) as compared to the 
LiFePO4/C sample, implying better reaction kinetics for the doped sample. The 
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LiFe0.96Pt0.04PO4/C sample exhibited the discharge capacities of 168, 162, 135, 120 and 102 
mAh/g at 0.1C, 0.2C, 1C, 5C and 10C, respectively, while LiFePO4/C sample delivers the 
discharge capacities of 117, 104, 83, 63 and 47 mAh/g.  
 





The results reveal that the Pt doping improves the discharge capacities of LiFePO4/C at all 
discharge current rates (0.1C, 0.2C, 1C, 5C, 10C). This is probably due to the Pt element which 
might act as a pillar to prevent the shrinking and collapse of lattice structure, stabilizing the 
crystal structure during the intercalation/de-intercalation process of Li
+
 ion. Similar phenomenon 
is reported in other studies using Zn-doping [28, 29, 40]. Another possibility can be ascribed to 
the homogeneous and smaller particle sizes of LiFe0.96Pt0.04PO4/C sample with large surface area 
for more reaction and short distance for the fast Li-ion diffusion during the redox reaction. 
Therefore, Pt doping can improve the electrochemical performance of LiFePO4/C material. 
These assumptions can be further examined by the CV and EIS test below. The carbon content of 
the both samples were around 6.6 wt% which measured by carbon analyzer (LECO). 
The effect of Pt doping on the electrochemical properties of LiFePO4/C material are further 
investigated by cyclic voltammetry (CV). Figure 6-15 illustrates the CV curves of the LiFePO4/C 
and LiFe0.96Pt0.04PO4/C samples at scan rate of 0.1 mV/s. For both samples, a pair oxidation/ 




 redox reaction is clearly observed. However, the 
Pt-doped sample shows much higher oxidation/ reduction peaks with smaller potential separation 
between the oxidation and reduction peaks (0.225 V). The potential separation for the LiFePO4/C 
sample is around 0.288 V. Sharper oxidation/reduction peaks with smaller potential separation 
support the faster ion diffusion and better reversibility for material during redox reaction [41]. 
Therefore, the result demonstrates that the electrochemical performance of LiFePO4/C material is 







Figure  6-15: CV curves of the LiFePO4/C and LiFe0.96Pt0.04PO4/C samples at scan rate of 0.1 
mV/s 
 
Figure 6-16(a) shows the electrochemical impedance spectroscopy (EIS) curves of the 
LiFePO4/C and LiFe0.96Pt0.04PO4/C samples in the full discharged state of cells in frequency 
range of 0.01 Hz-1 mHz. Both EIS profiles contain a depressed semicircle and a straight line. 
The intercept of the depressed semicircle at high frequency region on the Zreal axis is attributed to 
the electrolyte resistance (Re). The numerical value of the diameter of the depressed semicircle 
on the Zreal axis in the high to medium frequency is mainly related to charge transfer resistance 
(Rct). The inclined line in the lower frequency is corresponded to the Warburg impedance (σw), 
which is associated with Li-ion diffusion in the LiFePO4 electrode. The constant phase element 
(CPE) represents the double layer capacitance. The impedance data can be interpreted on the 
basis of an equivalent circuit as shown in inset of Figure 6-16(a). The fitted impedance 
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parameters are summarized in Table 6-3.  It is observed that the Rct value decreases after Pt 
doping. The smaller Rct is favorable to the kinetic behavior during the redox reaction, enhancing 
the electrochemical properties [13]. 
 
Figure  6-16: (a) EIS profiles of the LiFePO4/C and LiFe0.96Pt0.04PO4/C samples in the frequency 
range of 0.01 Hz-1 mHz. (b) The relationship between Zreal and ω-0.5 at low frequency. The inset 
of (a) shows an equivalent circuit 
 
Based on the Eq (1), the Warburg impedance coefficient (σw) can be obtained from plot of Zre vs. 
reciprocal root square of frequency (ω-0.5) in the low frequency region as shown in Figure 6-
16(b). In addition, the lithium ion diffusion coefficient (D) could be calculated using Eq (2): [41] 
5.0 wctere RRZ          (1) 
2244222 2/ wCnFATRD         (2)     








), T is 
the absolute temperature (298 K), A is the surface area of cathode (cm
2
), F is the Faraday 
constant (96486 C mol
-1
), n is the number of electron involved in the redox reaction (1 in our 
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case), and C is the molar concentration of Li
+
 ions. The obtained Warburg coefficient and 
calculated lithium ion diffusion coefficient are listed in Table 6-3. The results imply that the 





compared with LiFePO4/C sample which is in consistent with the discharge capacities and CV 
results. The enhancement of Li-ion diffusion coefficient may be attributed to the following 
reasons. Firstly, Pt-doped in LiFePO4/C can act as a pillar to prevent the shrinking and collapse 
of crystal structure during the redox reaction, stabilizing crystal structure of LiFePO4/C material. 
Secondly, the LiFe0.96Pt0.04PO4/C sample contains more homogeneous particles with smaller size 
for more reaction. Therefore, the distance pathway for the Li-ion diffusion decreases and shorter 
diffusion path facilitates faster Li
+
 intercalation/de-intercalation, improving Li-ion diffusion rate.  
 
Table  6-3: Impedance parameters obtained from the EIS data 







LiFePO4/C 4.51 74.67 0.59 29.80 2.47×10
-14
 




Cycling behaviors of the LiFePO4/C and LiFe0.96Pt0.04PO4/C samples are illustrated in Figure 6-
17. All the cells were charged at fixed rate of 1C and discharged at various current rates. It is 
obvious that LiFe0.96Pt0.04PO4/C sample shows higher discharge capacities than LiFePO4/C 
sample. However, a small amount of capacity fading is observed specially at high current rates, 
indicating good cycling capability for the both samples. Moreover, for both samples, it can be 
observed that the capacities decreased when the current rates increased, because in higher current 
rates large amount of Li
+
 must be extracted and inserted into the structure during relatively short 
130 
 
time. But this decrease is less important for LiFe0.96Pt0.04PO4/C (about 50 mAh/g) than those of 
LiFePO4/C (80 mAh/g). Therefore, this aspect must be significantly improved using an 
appropriate and optimized doping agent as Pt.  
 











LiFePO4/C and LiFe0.96Pt0.04PO4/C materials were synthesized by hydrothermal method and the 
effect of platinum doping on the structure and electrochemical properties of LiFePO4/C was 
investigated for the first time by XRD, XPS, SEM, BET and electrochemical tests. The XRD and 
XPS results indicate that the platinum has been successfully incorporated into the LiFePO4 
material. The SEM results show that platinum doping helps to form homogeneous particles with 
smaller size than those of LiFePO4/C. LiFe0.96Pt0.04PO4/C sample exhibits superior 
electrochemical performances with specific capacities of 168, 162, 135, 120 and 102 mAh/g at 
0.1C, 0.2C, 1C, 5C and 10C, respectively, in comparison with 117, 104, 83, 63 and 47 mAh/g for 
LiFePO4/C sample. The improvement in electrochemical performances was attributed to the 
combination of pillar effect of platinum element for stabilizing the crystal structure and the 
homogeneous smaller particles for facilitating Li-ion movement, enhancing Li-ion diffusion rate 
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CHAPTER 7 GENERAL DISCUSSION 
 
As is well known, low electrical conductivity and poor ionic diffusion are the determining 
factors of LiFePO4 which limit its application in LIB. Therefore, improvement in the electrical 
conductivity and its ionic diffusion can enhance the electrochemical behaviour of this material. 
In this regard, the first part of this study was devoted to carbon coating to improve the electrical 
conductivity of LiFePO4 material. In the first step, it was attempted to synthesis a pure phase of 
LiFePO4 material via hydrothermal method in the shortest duration time (6 h). Shorter time 
prevents the particle growth during synthesis and saves energy. Afterwards, carbon coating was 
performed with different amount of carbon to achieve the optimized, thin and uniform layer of 
carbon. Citric acid was used as the carbon source. XRD results showed that carbon did not affect 
the structure of LiFePO4 since carbon coating was done after synthesis of the LiFePO4. The 
result showed that optimized carbon content (about 30%) can lead to a more uniform and proper 
carbon distribution with high electrical conductivity. The samples with low amount of carbon 
delivered poor discharge capacity due to an insufficient carbon layer formation and low electrical 
conductivity. However, excessive carbon content formed a thick layer of carbon with 
agglomeration. This thick layer of carbon could impede the diffusion of Li
+
 ions through the 
cathode material; thus, leading to the decrease of discharge capacity. In this way, the optimized 
amount of carbon was determined to obtain high performance LiFePO4/C cathode material.  
In addition, a pure phase of LiFePO4 material was synthesized via sol-gel method and carbon 
coating was carried out with the optimized amount of carbon (30% of citric acid) to obtain 
LiFePO4/C. However, the film of electrode (a mixture of LiFePO4/C, carbon black and PVDF) 
peeled off from the aluminum current collector after drying during the fabrication of electrode.  
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After many efforts, it was found out that the peeling problem happened when citric acid was 
used as carbon source for coating of LiFePO4 material prepared via sol-gel method. The carbon 
source was changed from citric acid to sucrose and the problem was solved. Therefore, sucrose 
was used as carbon source for coating of LiFePO4 for the rest of the study although the sucrose 
requires high temperature processing for carbonization. 
In the second part of this study an attempt was made to improve the ion diffusion rate of 
LiFePO4/C material via a metal doping approach. In particular, palladium & platinum were 
doped in the LiFePO4 material prepared via sol-gel method and then carbon coating was done by 
sucrose in the pristine LiFePO4 and doped-LiFePO4 material. The influence of doping on the 
physical-chemical properties and the electrochemical performance of the LiFePO4/C material 
were investigated in details. At the beginning of this study, by doping LiFePO4/C with the 
palladium and platinum elements, high discharge capacities and good cycling performances were 
expected. This is due to the high stability feature of palladium and platinum which can stabilize 
the crystal structure of LiFePO4/C during charge/discharge process, resulting in high 
electrochemical performance.  
 The XRD results illustrated that Pd doping facilitated the formation of Li3PO4 impurity phase 
and the lattice parameters of LiFePO4 structure decreased and shrunk in size by increasing the 
palladium content. In addition, it was observed from SEM images that the size of particles 
increased and agglomerated after doping. Also, palladium doping decreased the specific surface 
areas of the samples. Electrochemical results showed that discharge capacity and rate cycling 
capability of samples decreased by palladium doping. The correlation of impurity and 
morphological features on the electrochemical properties of doped material were examined. The 
reduction in the electrochemical properties can be attributed to the formation of Li3PO4 impurity 
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phase, shrinking in lattice parameter, agglomeration, large particle size and low surface area 
which were caused by palladium doping. In fact, the Li3PO4 impurity can act as an inert and 
inactive mass during the redox process and a shrinkage in lattice parameters makes the diffusion 
of Li
+
 ions into the LiFePO4 structure difficult due to the smaller space for the diffusion. Also, 
the large particle sizes increase the diffusion path for the movement of Li
+
 ion during 
intercalation/de-intercalation process, reduces the rate of reaction and eventually decreases the 
electrochemical performance. These results suggest that palladium doping via sol-gel method is 
not a beneficial method to improve the electrochemical performance of LiFePO4/C cathode 
material.  
In contrast, Pt-doped material prepared via the sol-gel method revealed a significant 
enhancement in the electrochemical properties of LiFePO4/C material, because Pt doping 
expanded the lattice parameters structure and increased the crystallinity of the material without 
forming any impurity. Enlargement and expansion in lattice parameters provided more space for 
the diffusion of Li
+
 ions and facilitated the movement of Li
+
 ions through the structure of 
LiFePO4 material during process, enhancing the Li ion diffusion. In addition, Pt doping reduced 
the size of particle from 100-500 to 100-200 nm and particles with a better uniformity in size 
distribution and more homogeneity were observed. It is believed that the uniform particles with 
smaller sizes are favourable to reduce the diffusion path of Li
+
 ion through the structure, 
resulting in the fast diffusion kinetics and enhancing the electrochemical performance. Pt-doped 
LiFePO4/C sample delivered the discharge capacities of 166, 156, 142 and 140 mAh/g at 0.2C, 




In another set of experiments, a hydrothermal method was used for preparing LiFePO4 and 
doped-LiFePO4 materials followed by carbon coating with sucrose. The materials were 
synthesized at low temperature which is the most important advantage of the hydrothermal 
method because of energy saving. The influence of palladium and platinum doping on structure 
and morphology of LiFePO4 material were particularly investigated and their correlations to the 
electrochemical properties of materials were studied in detail. The XRD results indicated that 
sample with a high amount of Pd (4%) contains unwanted Li3PO4 impurity phase. Therefore, the 
amount of palladium was optimized in (2%) to avoid formation of any impurity. As observed 
from SEM images and BET results, optimized palladium doping reduced the size of particles and 
increased the specific surface area unlike the 4% doping sample. As is well known in the 
literature, particles with smaller size reduce the distance for diffusion of Li
+
 ions and improve the 
electrochemical performances of material which are compatible with our results. Electrochemical 
results illustrated that the LiFe0.98Pd0.02PO4/C sample delivered the discharge capacity of 168, 
159, 130, 93, 70 mAh/g at 0.1C, 0.2C, 1C, 5C and 10C rates, respectively, in comparison with 
117, 104, 83, 63 and 47 mAh/g for the LiFePO4/C sample. The electrochemical results indicated 
that LiFe0.98Pd0.02PO4/C sample enhanced the reversibility of reaction, and decreased the charge 
transfer resistance and potential polarization which confirmed better kinetic behavior from 
electrochemical consideration. The improvement can be attributed to two reasons. Firstly, the 
optimized Pd-doped might act as a pillar to prevent the shrinking and collapse of lattice structure, 
stabilizing the crystal structure during the intercalation/de-intercalation process of Li
+
 ions. 
Another reason can be related to small particle with large surface area for more reaction. 
However, by increasing the Pd content, the discharge capacity decreased to 150, 122, 104, 84 
and 63 mAh/g for the LiFe0.96Pd0.04PO4/C sample. This is probably due to the existence of the 
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Li3PO4 impurity phase, small surface area, and difficulty of Li
+
 ion diffusion. Generally, the 
optimized palladium doping is helpful to improve the electrochemical performance of 
LiFePO4/C material prepared via hydrothermal method. 
In the final set of experiments, the effects of Pt doping on the chemical-physical properties and 
electrochemical performances of LiFePO4/C sample prepared via hydrothermal method were 
examined. The XRD results revealed that the platinum could be successfully doped into the 
LiFePO4 bulk structure. No observable peaks for Li3PO4 impurity phase were detected for the 
LiFe0.96Pt0.04PO4 sample. The intensity of main diffraction peaks for Pt-doped sample was higher 
and sharper than LiFePO4 sample, indicating better crystallinity for the Pt-doped sample which 
might imply crystal growth by platinum contribution. The same XRD result was observed for Pt-
doped sample prepared via sol-gel method. The XPS results indicated that the oxidation state of 
the iron was +2. It should be noted that the Pt doping does not considerably change the chemical 
valence of Fe
2+
. The SEM and BET results showed that platinum doping reduces the size of 
particles and increases specific surface area of particles, respectively. Particles with smaller sizes 
provide shorter path for diffusion and increase the rate of reaction due to increased reaction 
surface. This was confirmed by EIS technique which showed higher ion diffusion coefficient of 
(5.91×10
-14
) for the Pt-doped sample in comparison to (2.47×10
-14
) for undoped sample. 
Therefore, better electrochemical performance was observed for the Pt-doped sample. 
LiFe0.96Pt0.04PO4/C delivered the specific capacity of 168, 162, 135, 120 and 102 mAh/g at 0.1C, 
0.2C, 1C, 5C and 10C, respectively. The improvement in electrochemical performances for the 
Pt-doped sample can be attributed to the combination of homogeneous small particles and pillar 
effect of platinum on stabilizing the crystal structure.  
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The positive effect of doping on the electrochemical properties of LiFePO4 was first reported by 
Chung et al. [71]. Since then, many studies reported that doping with V, Na, Mo, Ti, Mg, Nd, Ni, 
Al, Co, Zn, Sn, Cu, Cr, Cl, La and F improved the specific capacities of LiFePO4 [7, 15, 84, 85, 
107-140]. Figure 7-1 compares the specific discharge capacities of some doped-LiFePO4 
materials reported in the literature with the performance of the best sample in this work 
(LiFe0.96Pt0.04PO4/C prepared by sol-gel method). LiFe0.96Pt0.04PO4/C sample delivers the specific 
discharge capacities of 166, 156, 142, and 140  mAh/g at current rates of 0.2C, 1C, 5C, and 10C 
respectively, which are in the higher range of the reported data for LiFePO4 in the literature, 
especially at high current rates, as shown in Figure 7-1. From the author’s knowledge, 
LiFe0.96Pt0.04PO4/C sample exhibits one of the best performances reported until now for LiFePO4 
materials tested in a regular cell. It is worthy to note that the contribution of Pt doping to achieve 
excellent performance at high current rates is more significant, because a huge amount of Li
+
 ion 
tends to enter the structure of material in high current rates. Hence, Pt doping provides more 
space for the movement of Li
+
 ions, facilitating the Li
+
 ions diffusion as well as stabilizing the 
crystal structure during the charge/discharge process. However, a higher amount of pt doping 
(6%) prepared by sol-gel method reduced the performance. LiFe0.94Pt0.06PO4/C sample delivers 
the specific discharge capacities of 135, 127, 102, and 77 mAh/g at current rates of 0.2C, 1C, 5C, 
and 10C, respectively. 
In chapter 4, one interesting result is that the two samples (LF/40C and LF/50C) with higher 
BET surface area showed lower discharge capacities in comparison with LF/30C sample with 
lower BET surface area as shown in Figure 7-2. The variation of the discharge capacity with the 
BET surface area exhibited an optimum value at LF/30C which BET surface area is lower than 
those of LF/40C and LF/50C, but higher than of LF/20C. Accordingly, the sample with a BET
  140 
 
   
Figure  7-1: Specific discharge capacities of different doped LiFePO4/C materials at various 
current rates. (a) LiFe0.96Pt0.04PO4/C prepared by sol-gel in this work, (b) LiFeP0.95V0.05O4/C 
[108], (c) LiFe0.9Mg0.1PO4/C [120], (d) LiFe0.98Cu0.02PO4/C [131], (e) LiFe0.97Sn0.03PO4/C [133], 
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 surface area of 34 m
2
/g (LF/30C) exhibit better rate capacity than the samples with a BET of 45 
m
2
/g and 48 m
2
/g (LF40/C and LF50/C). This result further suggested that a BET surface area is 
not the relevant parameter to probe the discharge capacity, because high BET surface area is not 
correlated to high electrochemically active surface area for Li-ion reaction processes. 
 
Figure  7-2: Specific discharge capacities at 0.1C rate of LiFePO4 coated with different amount of 
carbon vs their specific surface area 
  
Instead, there seems to be direct relationship between Li
+
 ion diffusion coefficient and specific 
capacity. A high Li
+
 ion diffusion coefficient may have a determining effect on the performance 
of LiFePO4 cathode materials as shown in Figure 7-3. The specific capacity of LiFePO4 has clear 
dependence on the Li
+
 ion diffusion coefficient. LF/30C sample which exhibited the highest ion 
diffusion coefficient had the best discharge capacity. 
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Figure  7-3: Specific discharge capacities at 0.1C rate of LiFePO4 coated with different amounts 
of carbon vs the Li-ion diffusion coefficient in the electrode 
 
It is well established that the particle size reduction appears to have significant positive effect on 
the improvement of the rate capacity. Figure 7-4 shows the variation of the specific capacity as a 
function of particle size for samples prepared by sol-gel method presented in chapter 5. The rate 
discharge capacity decreases almost linearly when the particle sizes increased. The benefit effect 
of adding Pt or Pd is the change of the particle size of the cathode. The Pt-doped sample with 
particle sizes of around 100-200 nm shows the best capacity of 140 mAh/g at 10C. Analysis of 
the experimental data also suggests that particle size reduction has the more significant effect in 
the improvement the performance rather than the surface area. The analysis points to the 
conclusion that doping appears to be a critical factor in controlling the capacity, especially at high 
discharge current rates by improving Li
+
 ion diffusion rate.  
  143 
 
 
Figure  7-4: Specific discharge capacities at 10C rate of doped-LiFePO4/C materials prepared by 
sol-gel vs their particle size 
 
Generally, the results revealed a significant enhancement in the electrochemical performance 
caused via Pt doping prepared either by the sol-gel or hydrothermal method. In case of palladium 
doping attention must be paid carefully since it facilitates the formation of impurity phase in both 
methods. Optimized palladium content was defined to be around 2% to avoid impurity formation 
during the hydrothermal method. Furthermore, the impurity was formed via sol-gel method with 
any palladium content. Further study is still needed to address these issues. There is a correlation 
between impurity phase formation and particle sizes on the electrochemical performance of 
material. Samples with larger particle sizes and more impurity have lower electrochemical 
performance. The improvement achieved via doping approach can, however, increase the 
motivation of future works for further development of LiFePO4 material.   
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CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS 
8.1 Conclusions  
 In this dissertation, carbon coating and metal doping approaches of LiFePO4 material were 
investigated to explore its applications as the positive cathode material for rechargeable LIBs. 
Hydrothermal and sol-gel methods were used for synthesis of LiFePO4 and doped-LiFePO4 
materials. In the first part, the carbon coating of the LiFePO4 was done with different amounts of 
citric acid as the carbon source to obtain LiFePO4/C with high electrical conductivity. The 
optimized amount of carbon which exhibited high electrochemical performance was determined 
to be around 30%.  
In the second part, LiFe0.98Pd0.02PO4, LiFe0.96Pd0.04PO4 and LiFe0.96Pt0.04PO4 materials were 
successfully synthesized using the sol-gel method. The optimized amount of carbon was used to 
coat the doped materials to obtain LiFe0.98Pd0.02PO4/C, LiFe0.96Pd0.04PO4/C and 
LiFe0.96Pt0.04PO4/C for electrochemical measurement testing. In the last part, LiFe0.98Pd0.02PO4, 
LiFe0.96Pd0.04PO4 and LiFe0.96Pt0.04PO4 materials were successfully synthesized using a 
hydrothermal method and carbon coating was done with the optimized amount of carbon. The 
main focus of this thesis was to investigate the effects of palladium and platinum doping on the 
structure, purity, particle size and electrochemical properties of LiFePO4/C material.  
For the Pd-doped material prepared using sol-gel method, Pd facilitated the formation of Li3PO4 
impurity phase and the lattice parameters decreased linearly with increasing Pd content. The 
particles became larger and agglomerated by incorporation of the palladium. The electrochemical 
results showed that the specific capacities of the LiFePO4/C sample prepared using sol-gel 
method decreased by increasing the amount of Pd doping. The capacity loss of the Pd-doped 
samples synthesized via sol-gel method was found to have a liner relationship with the impurity 
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and particle sizes. On the other hand, among the Pd-doped samples prepared with hydrothermal 
method, LiFe0.98Pd0.02PO4/C sample showed a significant improvement with discharge capacities 
of 168, 159, 130, 93 and 70 mAh/g at 0.1C, 0.2C, 1C, 5C and 10C, respectively. The high 
electrochemical performance was due to the smaller uniform particles and the pillar effect of Pd 
which prevented the shrinking and collapse of structure, stabilizing the crystal structure during 
cycling. However, the electrochemical activity and cycle life degraded by increasing Pd content 
due to the large particle sizes and formation of Li3PO4 impurity phase in the LiFe0.96Pd0.04PO4/C 
sample.  
In case of Pt doping, LiFe0.96Pt0.04PO4/C sample prepared via both hydrothermal and sol-gel 
methods exhibited superior electrochemical performances compared with LiFePO4/C sample. 
The improvement in electrochemical performance can be attributed to three reasons. Firstly, Pt 
doping expands the lattice parameters of crystal structure and provides more space for the 
movement of Li ions, facilitating the Li ion diffusion rate. Secondly, platinum doping helps to 
form homogeneous small particles for shorter diffusion path. Thirdly, platinum can act as pillar 
for stabilizing the crystal structure during charge/discharge process. 
Overall, the electrochemical performances in the doped LiFePO4 material depend on the 
existence of the impurity phase, particle size, specific surface area, changing lattice parameters 
and pillar effect of doped element. This study contributes to the advancement of the knowledge 
of fundamental properties of doped-LiFePO4 materials and their correlations to electrochemical 
activities. Understanding the involved electrochemical processes from a fundamental point of 
view can provide valuable insight in recognizing the structure-properties relationship of the 
material and help design or search for new functional systems with desired performance features. 
The studies described in this dissertation have provided further insight into the features of 
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LiFePO4 material and valuable information regarding the carbon coating and the metal doping 
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8.2 Recommendations  
Although this thesis provides a new insight in understanding the preparation and characterization 
of LiFePO4 cathode material for LIB application, using doping techniques, there are many issues 
which remain to be explored in this field. Therefore, the following opportunities have arisen and 
some suggestions are presented for future work, along the lines of this research, to understand the 
fundamental details, synthesis and characterization of LiFePO4 material. 
 
1. It is suspected that the low discharge capacity of most of the prepared Pd-doped materials 
is mainly due to the existence of Li3PO4 impurity. This impurity phase is thought to affect 
the poor performance and the ability to cycle of the cathodes in this work. Formation of 
this impurity on the cathodes is believed to limit the diffusion of Li
+
 ions into the bulk of 
material, resulting in the low electrochemical performance of the cell. Further research is 
required to identify the reason of the Li3PO4 phase formation and find the possible 
remedies to remove it.   
 
2. Substitution of other elements in the LiFePO4 structure needs to be investigated for 
further improvement of its electrochemical properties. This might enable us to achieve a 
deeper insight of the doping strategy. 
 
3. The doping content of Pt needs to be further optimized. This may enable us to further 
enhance the discharge capacity of Pt-doped LiFePO4 materials. 
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4. An alternate approach is to investigate the properties and fundamental aspects of the 
doped material by a theoretical study. New scientific and technological knowledge related 
to these studies will provide us with valuable information regarding the Li
+
 ion diffusion 
and electrical conductivity of LiFePO4. The present research has shown that Pt doping 
and optimized Pd doping are affective approaches to improve the electrochemical 
performance of LiFePO4 material. Therefore, the combination of experiment and 
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